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Kosmos 60 is today the most talked about 
furnace black for reinforcing natural and synthetic 
rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 
standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York © Akron ® Chicago © Boston © Memphis 
Canada: Canadian Industries (1954) Limited. 
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Phillips offers the manufacturer of rubber products a unique and valuable service 
made possible by years of experience, plus extensive modern research facilities. If you 
have a problem, look to your Phillips representative for the answer. 

Each representative is a technical expert with practical experience in the rubber 
field. He can help smooth out processing and operational difficulties . . . help turn 
out better products at a better profit. Be sure to take full advantage of this valuable 
technical service. Call or write for information. *A trademark 


ALL THE PHILBLACKS WORK FOR YOU! 
Philblack A, Fast Extrusion Furnace Black. Excellent tubing, molding, calen- 
dering, finish! Mixes easily. Disperses heat. Non-staining. 


Philblack 0, High Abrasion Furnace Black. For long, durable life. Good 
conductivity. Excellent flex life and hot tensile. Easy processing. 


Philbiack |, intermediate Super Abrasion Furnace Black. Superior abrasion. 
More tread miles at moderate cost. 


Philblack E, Super Abrasion Furnace Black. Toughest black yet! Extreme 
resistance to abrasion. 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water St., Akron 8, Ohio. 


District Offices: Chicago, Providence and Trenton. 
West Coast: Horwick Standard Chemical Company, Los Angeles, California. 
Warehouse stocks at above points and Toronto, Canada. 
Export Sales: 80 Broadway, New York 5, N. Y. 


Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 


August 24, 1912. 
Section 


Acceptance for mailing at ial rate of postage provided for in paragraph (d-2), 


34.40, P. L. and R. of 1948, authorized 25, 
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bred 


for top 
performance... 


witeo- 
continental 
CARBON 
 BLAcKS 


There’s a lot of “breeding” in the car- 
bon blacks listed here—the result of 
37 years’ experience in serving the 
rubber industry by improving our 
manufacturing techniques to upgrade 
specifications. Always, the objective is 
to provide Witco-Continental Carbon 
Blacks consistent in quality, and 
meeting your range of compounding 
requirements. Write for technical in- 
formation and samples. 


Witco-Continental 


CARBON BLACKS 


Furnace Blacks 

Continex® SRF — Semi-Reinforcing 

Continex SRF-NS — Non-Staining 

Continex HMF — High Modulus 

Continex HAF — High Abrasion 

Continex FEF — Fast Extruding 

Continex ISAF — Intermediate Super Abrasion 
Continex CF — Conductive Furnace 


Channel Blacks 

Continental® AA — (EPC) — Witco No. 12 
Continental A— (MPC) — Witco No, 1 
Continental F — (HPC) — Witco No, 6 
Continental R-40 — (CC) — Conducting 


3) WITCO CHEMICAL COMPANY 
7; CONTINENTAL CARBON COMPANY 


122 East 42nd Street, New York 17,N.Y. 
Chicago + Boston + Akron + Atlonta + Houston + Los Angeles + Son Francisco + London ond Manchester, England 
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‘SHARPLES’ brand 
RUBBER 
» CHEMICALS 


‘Sharples’ brand Rubber Chemicals are the result of over 30 years of 
experience in producing and applying high quality synthetic organic 
chemicals to the manufacture of rubber products. Our extensive 
“know-how” as one of the largest producers of rubber chemicals 
assures you of quality products, custom made for use by the rub- 
ber industry. 

The Pennsalt line of ‘Sharples’ brand rubber chemicals includes ultra 
accelerators, polymerization modifiers, stabilizers and short stoppers. 
These well-known products include Ethylac’, Dipac*, Vultac”®, 
Dithiocarbamates and Thiuram Disulfides. 

Our sales service laboratory and technical representatives are at 
your disposal. Let us apply their extensive experience to the profitable 
solution of your problems. Write for Catalog S-119. 

*DIPAC is a trad k of Pi It Chemicals Corp. 


INDUSTRIAL DIVISION 
PENNSALT CHEMICALS CORPORATION 


Pennsa It 3 Penn Center, Philadelphio 2, Pa. 
Regional Offices: Akron Chicago * Detroit New York Philadelphia 


© Pittsburgh St. Louls 
emica Representatives: Martin Hoyt & Milne, San Francisco and Los Angeles 


Airco Company intersational, New York 
Pennsalt Chemicals of Canada Hamilton, Ontario 
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YOUR 
PRODUCT 


ACCELERATORS 
DESERVES Accelerator 89 NA-22 Thionex 
Accelerator 552 NA-33 Thionex Grains 
Accelerator 808 Permalux Thiuram M 
Accelerator 833 Polyac Thiuram M Grains 
DOTG Tepidone Zenite 
MBT Tetrone A Zenite Special 
MBTS 
ANTI-OXIDANTS 
Akroflex CD Permalux 
Antox Solux NS 


Neozone A Thermofiex A 
Akroflex C NeozoneD Zalba 


AQUAREXES 
Aquarex D Aquarex ME 
Aquarex G Aquarex NS 
Aquarex L Aquarex SMO 
Aquarex MOL 


Aquarex WAQ 


Unicel ND Unicel 


Unicel NDX 
COLORS 
Rubber Dispersed Colors 
Rubber Red PBD Rubber Green GSD 
Rubber Red 28D Rubber Biue PCO 


Rubber Yellow GD Rubber Bive GD 
Rubber Green FD Rubber Orange OD 


ORGANIC ISOCYANATES 


Hylene*M Hylene*TM 
Hylene*M-50 Hylene*TM-65 
Hylene*T 
PEPTIZING AGENTS 


Endor RPA No. 3 Concentrated 
RPA No.2 RPA No. 6 
RPA No. 3 

DEPENDABLE IN PERFORMANCE RECLAIMING CHEMICALS 


RPA No. 3 RR-10 


SPECIAL-PURPOSE CHEMICALS 
Barak — Accelerator ac- HELIOZONE -—- Sun-check- 
tivator ing inhibitor 
Copper inhibitor 66 — NBC — Inhibits weather 
inhibits catalytic action and ozone cracking of GR-S 
of copper on elastomers = RETARDER W — Acceler- 
ELA-—Elastomer tubri- ator retarder 
Cating agent 


U.S PAT. OFF. 


E. L. du Pont de Nemours & Co. (Ine.) DISTRICT OFFICES: 

Elastomer Chemicals Department Akron 8, Ohio, 40 E. Buchtel Ave . POrtage 2-8461 

: — Atianta, Ga., 1261 Spring St., N.W. TRinity 5-539] 
Boston 10, Mass., 140 Federal St. . HAncock 6-1711 

Charlotte 2,N.C..427W.4thSt  ......., FRanklin 5-5561 

Chicago 3, !\l., 7 South Dearborn St. .. . . ANdover 3-7000 

Detroit 35, Mich., 13000 W.7-Mile Rd. . . . . . UNiversity 4-1965 

Houston 6, Texas, 2601-A West Grove Lane . . MOhawk 7-7429 

Los Angeles 58, Calif., 2930 E. 44th St. LUdiow 2-6464 

Trenton 8, N. J., 1750 N. Olden Ave EXport 3-714) 


In New York call WAlker 5-3290 
in Canada contact: Dy Pont Company of Canada (1956) Ltd, Box 660, Montresi 
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Now-a “living textbook’’ 
for the rubber industry! 


Pictured above is the beginning of a new service to 
you from Goodyear, the leading supplier of light- 
colored synthetic rubbers. It’s a Tech Book for the 
Rubber Industry—a compilation of technical informa- 
tion on raw materials manufactured by the Chemical 
Division for use in rubber products. 


In the Tech Book, you’ll find answers to such questions 
as: What are the physical properties of PLIoFLEx 
1006? Which of the PLIOFLEX rubbers are oil-extended? 
How does the new CHEMIGUM N-6B differ from its 
sister nitrile rubbers? How do you compound 
CHEMIGUM N-7 to meet Specifications AMS 7274C? 
And you'll also find similar information on PLIOLITE 
S-6B—the rubber reinforcing resin—and WING-Stay S 
—a nonstaining antioxidant. 


What’s more the Tech Book, as it now stands, is just 


the beginning. It’s in a convenient, loose-leaf form _ 


so that it can be kept alive and up-to-date 
with periodic bulletins. Write today, on com- 


“CHEMICAL 


Pliofiex 


general purpose 
styrene rubber 


pany letterhead, for your free Tech Book and “GOOD*ZYEAR % 


the start of the complete story on PLIOFLEX, _ DIVISION 


CHEMIGUM and related products. The address: 
Goodyear, Chemical Division, Akron 16, Ohio. 


Rubber & 
Rubber Chemicals 


Department 


Chemigum, Pliofiex, Pliolite, Plio-Tuf, Pliovic, Wing Stay ~T. M.'s The Goodyear Tire & Rubber Company, Akron, Ohio 
CHEMIGUM «+ PLIOFLEX + PLIOLITE + PLIO-TUF + PLIOVIC + WING-CHEMICALS 


High Polymer Resins, Rubbers, Latices and Related Chemicals for the Process Industries 
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For full information and technical assistance on applications 
of ENJAY BUTYL, write or phone: 

ENJAY COMPANY, INC. 

15 W. 5ist St., New York 19, N. Y., Tel. PLaza 7-1200 


Other Offices: Akron: Boston-Chicago 
Detroit-Los Angeles: New Orieans:Tulsa 


Pioneer in 
Petrochemicals 
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ACCELERATORS 
THIAZOLES — 
M-B-T 
M-B-T-S O-K-A-F 
THIURAMS — 
MONEX*T TUExt 
MORFEX ETHYL TUEXt 
PENTEX* 
DITHIOCARBAMATES — 
ARAZATE*  ETHAZATE*t 
BUTAZATE* METHAZATE*t 
ETHAZATE-50D 
ALDEHYDE AMINES — 
BEUTENE* HEPTEEN BASE* 
TRIMENE* TRIMENE BASE* 


For 
Accelerators, 
Activators, 
Anti-Oxidants 


XANTHATES — 
c-P-B* 
an d ACTIVATORS 
VULKLOR DIBENZO G-M-F 
D-B-A G-M-F 
ANTI-OXIDANTS 
¢la AMINOX* B-L-E* 
ARANOKX* B-X-A 
vV-G-B* FLEXAMINE 


OCTAMINE* BETANOX* Special 
SPECIAL PRODUCTS 


Rubber 


BWH-! SUNPROOF* Improved 
e CELOGEN SUNPROOF® Junior 
CELOGEN-AZ SUNPROOF* —713 
Chemicals E-S-E-N SUNPROOF® Regular 
LAUREX* SUNPROOF® Super 
TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 
SYNTHETIC POLYMERS 
DDM — modifier 
THIOSTOP K&N — short stops 
POLYGARD — stabilizer U. 8. Pat. Of 


THE WORLD’S LEADING 
MANUFACTURER OF 
RUBBER CHEMICALS 


TRY 
NAUGATUCK 


NAUGATUCK supplies a 
complete line of proven 


accelerators, activators, ron... 
astics 
anti-oxidants, and special Recieimed Rubber 
chemicals to give you Synthetic Rubber 
latices 


thorough control of rubber 
product manufacture and 
performance. 


Write, on your letterhead, for technical doto 
or assistance with any Naugatuck product. 


Tthese products furnished either in powder form or fost 
dispersing, free-flowing NAUGETS. 


Naugatuck Chemical 
g 


Division of United States Rubber Company 
Naugatuck. Connecticut 


IN CANADA NAUGATUCK CHEMICALS DIVISION 

Dominion Rubber Company, Limited, Elmira, Ontario 
RUBBER CHEMICALS « SYNTHETIC RUBBER « PLASTICS « AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER ¢ LATICES « Cable Address: Rubexport, N. Y. 
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Ant 


Nothing proves reliability like the test of time. 
You can depend on channel blacks today, as you 
have always depended on them in the past, to give 
that extra quality to your stocks. 

TEXAS or TEXAS CHANNEL 
BLACKS are also reliable in uniformity, carload 
after carload. They are reliable in physical prop- 
erties, reliable in product performance, reliable in 
long-range availability. 


Std Richa 


AR BO N 
FORT WORTH, TEXAS 


GENERAL SALES OFFICES 
EVANS BUILDING 
ARRON OHIO 


Published by AMERICAN CYANAMID COMPANY, Rubber Chemicels Department, Bound Brook, New Jersey 


DIBS®—An Outstanding 
Delayed-Action Accelerator 


The high processing tempera- 
tures and fast curing rates devel- 
oped with the newer reinforcing 
furnace blacks demand accelera- 
tors with maximum delayed ac- 
tion to insure safe compounding. 


DIBS, Cyanamid’s latest de- 
layed-action accelerator, has been 
specially developed by the Rub- 
ber Chemicals Department to 
meet this requirement. It gives 
maximum processing safety and 
a greater degree of delayed ac- 
tion than any other chemical on 
the market. In a natural rubber 
tread stock with SAF Black, 
Mooney Scorch times were de- 
termined with NOBS* Special 
Accelerator compared to various 
ratios of DIBS. The data indi- 
cate that approximately 12% to 
24% more delayed action is 
available, depending on the dos- 
age and processing temperature, 
by using DIBS in this type of 
stock. The additional delayed ac- 
tion of DIBS results in no sacri- 
fice in cured physical properties. 
Our laboratory results have been 
fully confirmed by the outstand- 
ing field performance of DIBS 
Accelerator. 

DIBS is N,N-diisopropyl benzo- 
thiazole-2-sulfenamide. A melt- 
ing point in the range of 55-59°C 
(131-139°F) permits easy incor- 
poration into furnace black 
stocks. Storage stability is good. 

The general chemical and 
physical properties, specifications 
and compounding characteristics 
of DIBS Delayed-Action Accel- 


erator are described in Cyan- 
amid’s Rubber Chemicals Bulle- 
tin No. 850. Ask your Rubber 
Chemicals representative for your 
copy of this valuable bulletin. 


RETARDER PD 
Anti-Scorch Agent 


Cyanamid’s Retarder PD gives 
good anti-scorch protection at 
processing temperatures and 
little or no retarding effect at 
curing temperatures. It is prac- 
tically non-discoloring, and may 
be used in white or light-colored 
stocks. 

A modified phthalic anhydride, 
Retarder PD has proved very 
effective with both thiazole and 
guanidine-thiazole accelerators. 
A typical result is that obtained 
with an MBTS-DPG accelerated 
natural rubber stock. Addition 
of 0.4 part Retarder PD in- 
creased the Mooney Scorch times 
at 250°F from 6 minutes to 11 
minutes (an increase of 83% in 
processing safety). Tensile tests 
indicated that good physical 
properties were maintained with 
the Retarder PD addition. 

Dosage is normally 0.2% to 
0.5% on the rubber hydrocarbon, 
but this naturally depends on the 
retarding effect desired. 

Full details of Retarder PD 
are contained in Rubber Chem- 
icals Bulletin No. 851. Ask your 
Rubber Chemicals representative 
for your copy of this valuable 


bulletin. 
“Trademark 
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Another first from Monsanto 


SANTONOX...a low-cost method for stabilizing 


polyethylene during processing ... and reducing 
“‘greasiness’’ of finished product. 


With as little as .02% Santonox mixed in 
the batch, extrusions are practically identi- 
cal to die orifice. 


Versatile though it is, the ubiquitous poly- 
ethylene polymer gives the processor cer- 
tain worries...one of which is a lively 
instability during extruding, blowing, and 
—to a less degree—during molding. Major 
trouble is caused by the heat applied in the 
mixing, milling, and pressuring to shape. 
Heat causes cross-linking or scission in the 
molecule. Cross-linking creates a host of 
headaches: a reduction of flexibility; dis- 
coloration; lowered melt flow. But more 
painful than these to the processor extrud- 
ing cable insulation, heat-induced cross- 
linking causes troublesome “swelling” as 
the polyethylene extrudes through the 
orifice and the composition develops a 
higher electrical-dissipation factor. 


Chemically, the remedy was at hand: 
high! 
urified, trade-named Santonox. Some of 
aborative study quickly proved how 
well it stabilizes general-purpose and 
electrical-grade polyethylene against heat 
degradation, 


So little does the trick! Just 0.03% of the 
weight of the polymer, Checked by ASTM 
Flow Measurement D1238-52T, the melt 
index remains constant for the full 45- 
minute heating. By ‘“Percent-Recovery”’ 
test, after 45 minutes of milling, y- 


ethylene with 0.03% Santonox shows only 
a 5% increase in the index over the un- 
milled resin. Two other commercial anti- 
oxidants tested in parallel show 102% and 
83% increases at the same concentration. 
And even at 1%, these antioxidants 
woman an increase in the Percent- 
tecovery of 18% and 30%, respectively. 
On the electrical properties side, poly- 
ethylene with a concentration of 0.05% 
Santonox retains virtually the same dissi- 
pation factor afler 2% hours’ milling. 
This little that does so much contributes 
something still more: the presence of 
0.03-0.05% Santonox prevents exudation 
from the surface. Consequently, finished 
products are noticeably less ‘waxy’ or 
greasy to the touch. 


The finely crystalline Santonox can be 
added by either the polyethylene user or 
the manufacturer of the molding com- 
pound. It has been approved by the FDA 
up to a level of 0.05% in high-pressure 
polyethylene. 

Monsanto’s Rubber Chemicals Depart- 
ment will be glad to supply a test sample 
of Santonox, or tae ¢ you the names of 
polyethylene producers whose compounds 
are supplied already stabilized. Write or 
call today. 


Accelerators 

Antioxidants 

Plasticizers 

Specialty Processing Compounds 

MONSANTO CHEMICAL COMPANY 
Rubber Chemicals Department 


Akron 11, Ohio 
Telephone: HEmlock 4-1921 


SANTONOX: Trademark of Monsanto Chemical Co 
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improves your products 
and profits 


When you start with uniform high quality polymers, 
your finished product is better, your production oper- 
ations are easier—and your profits are usually bigger. 

Phillips strict specifications and continuous prod- 
uct controls produce polymers that are famous for 
their dependable uniformity and continuously high 
quality. Phillips long experience in the rubber field, 


and their valuable technical service, can help you 
improve your products . . . improve your production 
... and improve your profits, 

See your Phillips Technical Representative, or 
write for more information. Learn how Philprene 
rubbers can save you time and money. *A trademark 


66)- 


CURRENT PHILPRENE POLYMERS 


NON-PIGMENTED PIGMENTED WITH PHILBLACK* 
PHILPRENE 1000 PHILPRENE 1009 
PHILPRENE 1100 
PHILPREN PHILPRENE 1 
HoT (Pigmented with EPC Black) 


PHILPRENE 1006 PHILPRENE 1018 
PHILPRENE 1019 


PHILPRENE 1104 


PHILPRENE 1500 PHILPRENE 1600 
coLD PHILPRENE 1502 PHILPRENE 1601 
PHILPRENE 1503 PHILPRENE 1605 


PHILPRENE 1703 PHILPRENE 1708 


PHILPRENE 1706 PHILPRENE 1712 PHAPRENE 1803 


PHILLIPS CHEMICAL COMPANY 
Rubber Chemicals Division ¢ 318 Water Street, Akron 8, Ohio 
District offices: Chicago, Providence and Trenton * Warehouses: Akron, Boston, Chicago, Trenton 
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Around the World Mileage 
vith CABOT CARBON BLACKS 


CHANNEL - FURNACE -. THERMAL 


For MAXIMUM RUBBER MILEAGE, whether in tires or in other rubber 
goods, Cabot offers the best quality, greatest variety of carbon blacks 
available. As the world’s only manufacturer of a complete range of channel, 
furnace and thermal blacks, Cabot is able to offer a black to satisfy your 
every rubber requirement. That’s why leading manufacturers of all types 
of rubber products continue to specify Cabot. For best carbon black 
performance, ask for... 


CHANNEL BLACKS 
SPHERON Spheron 9 EPC Spheron 6 MPC Spheron C CC 
Channel Blacks FURNACE BLACKS 
Vulcan 9 SAF Vulcan 6 ISAF Vulcan 3 HAF 


VULCAN Vulcan XC-72 ECF Vulcan SC SCF Vulcan C CF 


Furnace Blacks Sterling 99 FF Sterling SO FEF Sterling V GPF 
Sterling | HMF Sterling LLHMF Sterling S SRF 


Sterli S SRF P SRF P S SRF 
STERLING Gonex 
Furnace and Thermal Blacks THERMAL BLACKS 
Sterling FT Sterling MT Sterling MT-NS 


_ 
CABOT. GODFREY L. CABOT, INC. 


77 FRANKLIN STREET, BOSTON 10, MASS. 


12 
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Naugatuck NAUGAPOLS 
answer your 


problems in......) 
For products requiring \ R-S RUBBER 


excellent electrical properties 


fow moisture absorption, 


NAUGAPOL, butadiene-styrene INSULATION | 
copolymers, ‘Specially Processed” 
during the finishing operation, is the 

beet obtainable. 


applications 


UGAPOL 1016 Standard grade for wire 

; and cable and mechanic 
5. 
UGAPOL i018 Crosslinked processing 
aid. Wire an 
mechanical goods. 


“NAUGAPOL Standard grade for wi 
and cable and mechanic 
goods, 
Low styrene content, Wire 
and cable and mechanical 
goods for arctic service. | 


COLD TYPES 
CLASS 


Non-staining Standard grade for wire 
and cable and mechanical 
goods, 


Low styrene content. Wire 


For technical data, information or iene that will aelp aes in process- 
ing of your rubber compounds, write to us on your company letterhead 


Naugatuck Chemical 


Division of United States Rubber Company 
Naugatuck, Connecticut 


IN CANADA: NAUGATUCK CHEMICALS, Elmira, Ontario * Cable Address: Rubexport, N.Y. 
Rubber Chemicals Synthetic Rubber Plastics Agricultural Chemicals * Reclaimed Rubber + Latices 


13 
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‘GRADE CLASS END USES “ 
‘GRADE END USES 
NAUGAPOL 1503 
and cable and mechanical 
goods for arctic service. 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


IF YOU PROCESS BECAUSE 


New low cost! Low 
staining properties 
on white goods. 
Improves GR-S re- 
bound. Constant 
uniformity assures 
minimum down- 
grading. 


Oll EXTENDED 
POLYMERS 
GR-S TYPES 1703 
1707 


CIRCOSOL-2XH 


1708 
1801 


OIL EXTENDED 
POLYMERS 
GR-S TYPES 1705 
1709 
1710 


Versatile. Highly 
compatible with 
natural rubber, re- 
claims, GR-S types. 


SUNDEX-53 


Cost of compounds 
comparable to low- 
cost elastomers. 


SUNDEX-53 


NEOPRENE WHV 


True softening by 
physical changes 
in rubber struc- 
ture. Large quan- 
tities absorbed 
without blooming. 


CIRCO LIGHT 


PROCESS-AID 


REGULAR NEOPRENES 
ond 
NATURAL RUBBER 


t 
| 
| 


To learn more about using Sun Rubber Process Aids to get better physicals, 
lower costs, and easier processing, see your Sun representative. Or write 
for your copy of Sun's latest Technical Bulletin describing any of the above 
products. Address Sun Om Company, Philadelphia 3, Pa., Dept. RC-10. 


INDUSTRIAL PRODUCTS DEPARTMENT 


SUN OIL COMPANY 


PHILADELPHIA 3, PA. 
IN CANADA; SUN OIL COMPANY, LTD., TORONTO AND MONTREAL 
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COLUMBIAN 
CARBON BLACKS 


jor RUBBER COMPOUNDING 


STATEX=125 ISAF intermediate super Abrasion Furnace) 
STATEX-R HAF thigh abrasion Furnace) 
STANDARD MICRONEX’® MPC 

(Medium Processing Channel) 
MICRONEX W-G EPC easy Processing channel) 
STATEX-B FF Furnace) 
STATEX-M FEF rast extruding Furnace) 
STATEX-93 high moduius Furnace) 


FURNEX® SRP semi-neintorcing Furnace) 


* COLUMBIAN COLLOIDS - 


COLUMBIAN CARBON COMPANY 


380 Madison Ave. @'=4l 3 New York 17, N.Y. 


L 
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List of Papers Presented at Cleveland, Ohio, May 16-18, 1956 


TECHNICAL PROGRAM 
A. E. Juve, Presiding 


1. Introductory Remarks, A. E. Juve. 

2. ‘Recent Advances in Isocyanate Chemistry"’, by R. G. Annoup, J. A. 
Ne.tson and J. J. Versane, E. I. du Pont de Nemours and Co., Wilmington, 
Del. 
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3. “Butadiene/2-Methyl-5-Vinylpyridine Copolymers for General-Purpose 
Use’, by H. E. Rartrspack and C. C. Biarp, Phillips Petroleum Co., Bartles- 
ville, Okla. 

4. “Variation in Alfin Polymerization of Butadiene’, Avery A. Morron. 
Massachusetts Institute of Technology, and Bram B. Boonsrra, Godfrey L. 
Cabot, Inc., both of Boston, Mass. 

5. “Stability of Emulsion Polydienes’’, by Maurtce Morton and Micue. 
Montvu, University of Akron, Akron, Ohio. 

6. “New Polymers from Natural Rubber’, L. C. Bareman, The British 
Rubber Producers’ Research Association, Welwyn Garden City, Herts, Eng- 
land. 

7. “New Curing System for Silicone Rubber’, by M. L. Dunnam, D. L. 
Bartey, and R. Y. Mixer, Silicones Division, Union Carbide and Carbon Co., 
New York, N. Y. 

8. “Properties and Uses of a New Vinyl Containing Silicone Rubber," by 
J. H. Lorenz and M,. L. Dunaam, Union Carbide. 


B. 8. Garvey, Jn., Presiding 


9. “Oxidation Rate Measurements: Effect of Compounding Variations of 
Hevea Rubber Vulcanizates”, by A. G. Verrn, Goodrich Research Center, 
Brecksville, Ohio. 

10. “The Effect of Natural Gas Combustion Fumes on Latex Foam Prod- 
ucts"’, by Donatp M. Houkestap, Research Laboratories, Firestone Tire and 
Rubber Co., Akron, Ohio. 

11. “The Influence of Nitrogen Dioxide on Aging of Foam Rubber’, by 
H. L. Gorse: and E. G. Baromeyer, United States Rubber Co., Mishawaka, 
Ind.; P. D. Brass and J. U. Mann, U. 8. Rubber Research Laboratories, 
Passaic, N. J. 

12. “Determination of Ozone in Air’, by C. W. Wape.in, Research Labora- 
tory, Goodyear Tire and Rubber Co., Akron, Ohio. 

13. “Absorptiometric Microdetermination of Zinc Oxide in Rubber Products 
Using Sodium Diethyl! Dithiocarbamate”’, by K. E. Kress, Firestone Tire and 
Rubber Co., Akron, Ohio. 

14. “A Zine Oxide Viscosity Test for Hevea Latex’’, by H. G. Dawson, 
Firestone Research Laboratories, Akron, Ohio. 

15. “The Rubber Division 1919-1927 as I Remember It’, by Arnoup H. 
Smiru, Webster Groves, Mo. An invited paper. 


D. C. Mappy, Presiding 


16. “Analysis of the Structure in Channel Black Dispersion. I. Stabilized 
Systems", by ANpries Vorer, J. M. Huber Corp., Borger, Texas. 

17. “Analysis of the Structure in Channel Black Dispersions. II. Un- 
stabilized Systems", by ANDRIES VorT. 

18. “The Reinforcement of Butyl Rubber with Carbon Black—Heat 
Treatment with FT Black", by S. R. Savuarr and A. M. Gessier, Enjay 
Laboratories, Linden, N. J. 

19. “The Chemistry of Reinforcement. I]. Scorch in Natural Rubber 
Stocks Containing Carbon Black"’, Merron L. SrupeBaAKeR and Lester G. 
Napors, Phillips Chemical Co., Akron, Ohio. 
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20. “Measurement of Dispersion in Black-Loaded Rubber’, by C. H. 
Leicu-DuGmore, Dunlop Research Center, Birmingham, England. 

21. “Effects of Mixing Time on Properties Imparted to Rubber by Rein- 
forcing Carbon Blacks’, by I. Drocin, United Carbon Co., Inc. Charleston, 
W. Va. 


C. A. Smiru, Presiding 


22. “The Swelling of Nitrile Rubbers by Blends of Isooctane and Toluene”’, 
by Ross E. Morris and Paut T. Wacner, Mare Island Naval Shipyard, 
Vallejo, Calif. 

23. “Properties of a Carboxylic Nitrile Rubber (Hycar 1072)", by C. H. 
Lurrer and N. G. Duke, Goodrich Chemical, Avon Lake, Ohio. 

24. “Effect of Diester Lubricants on Elastomeric Materials’, by 
M. Harper and J. Harttey Bowen, Jr., Aeronautical Materials Laboratory, 
Naval Experiment Station, Philadelphia, Pa. 

25. “Breakdown of Oil Masterbatch GR-S Polymers with Various Anti- 
oxidants”, by W. K. Tarr, June Duke and Dororny Prem, Government 
Laboratories, University of Akron, Akron, Ohio. 

26. “Composition and Classification of Rubber Processing Oils"’, by 8. 8. 
Kurtz, Jr., J. 8. Sweevy, R. W. Kine and 8. W. Ferris, Sun Oil Co., Marcus 
Hook, Pa. 

27. ‘New Structural Compounds”, by Cuas. L. Perze, Delaware Research 
and Development Corp., Wilmington, Del. 


70TH MEETING OF THE DIVISION OF RUBBER CHEMISTRY 


List of Papers Presented at Atlantic City, N. J., September 16-21, 1956 
TECHNICAL PROGRAM 


A. E. Juve, Presiding 


1. Introductory Remarks, A. E. Juve. 

2. “Cross-link Density in Ungelled Polybutadiene’’, by L. H. Howxanpn, 
A. Nisonorr, L. E. DaNNALLs, and V. 8. Cuampers, Naugatuck Chemical 
Division, U. 8. Rubber Co., Naugatuck, Conn. 

3. “Properties of a New Fluorine-Containing Elastomer’, by J. 8. Ruaa 
and 8. Drxon, E. I. du Pont de Nemours and Co., Inc., Wilmington, Del. 

4. “Rubbery Polymers and Copolymers Prepared with the Use of Complex 
Metal Catalysts’, by Ronert 8. Arres, Robert 8S. Aries and Associates, New 
York, N. Y. 

5. “Compounding Silicone Rubber for Minimum Shrinkage”, by J. J. 
Deasy and B. B. Wuire, Silicone Products Department, General Electric Co., 
Waterford, N. Y. 

6. “Vulcanization of Silicone Rubber’, by J. R. Harper, A. D. Carpman, 
and G. M. Konxize, Dow Corning Corp., Midland, Mich. 

7. “Carbon Black-Filled Silicone Rubber", by C. L. Brrner and M. L. 
Dunnam, Silicones Division, Union Carbide and Carbon Corp., Tonawanda, 
N. Y. 

8. “Tack of Pressure-Sensitive Tape’, by Franxuin 8. C. Coane, Mystik 
Adhesive Products, Northfield, Ill. 
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B. 8. Garvey, Presiding 


9. “Formation of Microgel During Accelerated Aging of Neoprene Latex’’, 
by Kurt L. Se.ticman, Jackson Laboratory, E. I. du Pont de Nemours and 
Co., Wilmington, Del. 

10. “Chain Scission Efficiency in the Oxidation of Natural Rubber Vulcani- 
zates’’, by A. G. Verru, B. F. Goodrich Co., Brecksville, Ohio. 

11. “Chain Scission in the Oxidation of Hevea. Low Molecular Weight 
Products from Dry Rubber’, by E. M. Bevitacqua, General Laboratories, 
U. 8. Rubber Co., Passaic, N. J. 

12. “Carbon Black in the Oxidation of GR-S Vulcanizates”’, by J. Rep 
and Wituiam T. Wicknam, Ir., Department of Chemistry and 
Chemical Engineering, Case Institute of Technology, Cleveland 6, Ohio. 

13. “Resistance of Rubber Compounds to Outdoor and Accelerated Ozone 
Attack", by C. V. Lunppera, G. N. Vacca, and B. N. Biaos, Bell Telephone 
Laboratories, Murray Hill, N. J. 

14. “Scientific Contributions to the Rubber Industry”, by 8. M. Capwe tt. 
Goodyear Medal Lecture. 


D. C. Mappy, Presiding 


15. “Chemistry of Reinforcement. Some Reactions Between Carbon 
Black and Simple Inorganic Molecules”, by M. L. SrupeBAKER. 

16. “Carbon Blacks for Highly Conductive Rubber’, by M. H. Potiey 
and B. B. 8. T. Boonsrra, Research and Development Department, Godfrey 
L. Cabot, Inc., Boston, Mass. 

17. “Organic Nature of Carbon Black Surfaces”, by J. V. Hattum, Mellon 
Institute of Industrial Research, Pittsburgh, Pa. 

18. “Infrared Study of Some Structural Changes in Natural Rubber During 


Vulcanization", by Freperic J. Linnig and James E. Stewart, U. 8. Depart- 
ment of Commerce, National Bureau of Standards, Washington, D. C. 

19. “Nonblooming High Temperature-Resistant Vulcanizing Agent for 
Natural and Synthetic Rubbers”, by K. R. Crankxer and V. H. Perrine, 
Thiokol Chemical Corp., Trenton 7, N. J. 

20. “Some Aspects of the Heat Treatment of Butyl Compounds", by 
D. C. Epwanrps and E. B. Storey, Polymer Corp., Ltd., Sarnia, Canada. 


A. J. Norruam, Presiding 


21. “Influence of Petroleum Oils on Staining and Discoloration of Elasto- 
mers’, by Henry M. Tramurr and Ervin G. AnpErson, Gates Rubber Co., 
Denver, Colo., and Frirz 8. Rostrier and Ricnarp M. Wuire, Golden Bear 
Oil Co., Oildale, Calif. 

22. ‘Compounding Rubber for Resistance to Silicate-Ester Type Hydraulic 
Fluids at 400°F. Neoprene Wrt."’, by L. E. Novy and R. A. Ciark, Battelle 
Memorial Institute, Columbus, Ohio. 

23. ‘Compounding Rubbers for Resistance to Silicate-Ester Type Hydraulic 
Fluids at 400°F. Nitrile, Vinyl Pyridine, Butyl, and Acrylate Polymers’, by 
W. J. Muevuer and R. A. Cuiark, Battelle Memorial Institute, Columbus, Ohio. 

24. “Physics of the Friction of Rubber on Rough Surfaces", by F. W. 
Boaes and W. P. Riemen, General Laboratories, U. 8. Rubber Co., Passaic, 
N. J. 

25. “Elasticity and Break of Compounded Rubbers", by H. K. J. pe 
Decker, General Laboratories, U. 8. Rubber Co., Passaic, N. J. 
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26. “A Study of Factors Affecting the Laboratory Cut Growth Resistance 
of L. T. P. GR-S Tread Stocks”, by E. E. Aver and I. J. Scuarrner, General 
Laboratories, U. 8. Rubber Co., Passaic, N. J. 

27. “Evaluation of 1.8.0. Micro Hardness Tester’, by Ross E. Morris 
and Joun M. Houtioway, Rubber Laboratory, Mare Island Naval Shipyard, 
Vallejo, Calif. 


72ND MEETING OF THE DIVISION OF RUBBER CHEMISTRY 
HELD JOINTLY WITH 32ND MEETING OF THE AMERICAN 
CHEMICAL SOCIETY IN NEW YORK, NEW YORK, 
SEPTEMBER 10, 11, 12, 13, 1957 


Dr. B. 8. Garvey announced the recent appointment of David Craig as 
Editor of Rusper Cuemistry aNnp TECHNOLOGY to replace C. C. Davis, 
deceased. The appointment had been previously approved by the Executive 
Committee. 

It was voted that ‘Library Policy Committee” and the “Library Operating 
Committee”’ shall be consolidated into the Library Committee which shall be 
responsible to the Executive Committee. The Librarian shall not be a member 
of the Library Committee. The By-Laws Committee shall make the necessary 
change in By-Laws. 

As of September 1, 1957 the Membership Committee reports a total mem- 
bership of 3,144 comprising 2,619 members and 525 associates. 


The By-Laws were approved April 10, 1956 by Alden H. Emery. 


The Chairman of the Best Papers Committee, Dr. W. R. Smith, has pre- 
pared a certificate of award which will be provided with a frame. He further 
suggested that the earlier award winners shall be presented with a framed cer- 
tificate. These certificates are to be signed by the Chairman by whom the 
meeting was conducted. 

The award winners from inception are: 


Detroit Meeting, May 4, 1955 
J. 8. Rugg and G. W. Scott 
“Adiprene B, Urethane Rubber II: Factors Influencing its Processability”’ 


Philadelphia Meeting, November 1955 

J. D. Sutherland and J. P. McKenzie 

“A Glass Polymerization Vessel for Small Scale Laboratory Studies" 
Cleveland Meeting, May 17, 1956 

H. G. Dawson 

“A Zine Oxide Test for Hevea Latex” 


Atlantic City Meeting, September 21, 1956 
F. W. Boggs and W. P. Reiman 
“Physics of the Friction of Rubber on Rough Surfaces” 


Montreal Meeting, May 16, 1956 
W. G. Forbes and L. A. McLeod 
“The Dependence of Tack Strength on Molecular Properties’’ 


In the Business Meeting, the Chairman said that it had been voted that 
membership dues for delinquent members shall be $5.00, the $1.00 fine is to 
cover costs of handling unpaid dues. This is to be incorporated in the By-Laws, 
subject to membership approval. 
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The deadline for abstracts for the Cincinnati Meeting is March 17, 1958, 
for the Chicago Meeting, June 5, 1958. 

The incoming Chairman, Dr. R. F. Dunbrook, presented the Certificate of 
Service of the Division of Rubber Chemistry, duly signed by the President and 
Executive Secretary of the Parent Society and the incoming Chairman to the 
retiring Chairman, Dr. Ben 8. Garvey, Jr. 

Dr. B. 8. Garvey, Jr., Chairman, stated that Arthur Whiting Carpenter 
had been selected by the Charles Goodyear Medal Committee as the Medalist. 
’ The Medalist is being honored in recognition of his outstanding contributions 
in the field of evaluation and test methods of rubber compounds and articles. 
These methods are the foundation of Rubber Technology. He has been par- 
ticularily effective during the thirty years he served as Secretary of Committee 
D-11 of the ASTM. 

Our Medalist chose ‘The Tower of Babel’’ as the title of his Charles Good- 
year Lecture. It was an excellent history of his accomplishments during a 
long and faithful devotion to his chosen field—Evaluation and Testing of 
Rubber Compounds. 

Dr. B. 8. Garvey, Jr., Chairman, in introducing the speaker, for the Invited 
Paper, Ross R. Ormsby, stated that the Division of Rubber Chemistry is in- 
deed indebted to the Rubber Manufacturers Association for direct and sub- 
stantial aid in defraying the expenses of the Division. In the past, when the 
Division could justify the expense, funds were made available by the Association. 
It was therefore highly important that the members of the Division should 
be familiarized with the activities of the Rubber Manufacturers Association. 

Mr. Ormsby, President of the Rubber Manufacturers Association, in his 
presentation, ‘Activities of the Rubber Manufacturers Association”, gave a very 
excellent description of the activities of the Rubber Manufacturers Association. 

The meeting ushered in a new day for the disposition of manuscripts. The 
Parent Society, the owner of all submitted papers, agreed with the Division 
that the selection of papers for publication in the ACS Journals would be made 
before the meeting on the basis of the abstract. All others were to be released. 
The Secretary contacted the Editor of Russer Cuemisrry anp TECHNOLOGY 
and the representatives of Rubber Age and Rubber World and invited them to 
select residuum manuscripts for publication. Russer CHEMISTRY AND 
TECHNOLOGY could not take any because of budgetary reasons. Rubber Age 
and Rubber World took some, thus leaving about one-third of the papers in the 
unassigned residuum. By the time the last papers on the program had been 
presented, the situation had improved to such an extent that only three papers 
remain in the unassigned residuum. 


TECHNICAL PROGRAM 


COMPOUNDING 
B.S. Garvey, Jr., Presiding 


1. B. 8. Garvey, Jr. Introductory Remarks. 

2. W. J. Scurantz, Jr., and I. D. Rocne. New Curing Systems and Curing 
Agents for ‘‘Hypalon"’ Synthetic Rubber. 

3. W. F. Anpey, R. T., Zimmerman, and W. H. Cornety. The Stabilization 
of Mineral Filled SBR Polymers Against Surface Embrittlement. 
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. J. F. Hacman, N. N. and THompson. Flame Resistance 
of Neoprene—Effect of Compounding Ingredients. 

. W. F. Fiscner, R. F. Nev, and R. L. Zapp. Higher Alkyl or Aryl Salts of 
Dithiocarbamic Acid as Improved Accelerators for Butyl Rubber. 

. A. L. Mriier and 8. B. Rosison. Butyl Latex Tire Cord Adhesives. 

. A. S. Kipwe.i, F. L. Kirpourne, R. D. and Z. J. Grasickt. 
Compounding of Silicone Rubber V. 

. B. R. Wenprow and D. P. Spaupina. Silicone Rubber Reclaim. 


PHYSICAL TESTING AND ANALYSIS 
R. F. Dunprook, Presiding 


. C. L. Hirron, J. E. Newewu, and J. Tousma. The Determination of 
Bound Styrene in Raw and Cured Polymers by Nitration. 

. I.C. Kogon. Near Infrared Studies: Rate Constants for the Aleohol/Aryl 
Isocyanate Reaction. Contribution No. 246. 

. A. A. Kesset. Mooney Viscometer Studies as Related to Molded Electri- 
cal Products. 

. W. J. Reminoron and R. Pariser. Measurement of Closed Cell Content 
of Cellular Materials. 

. R.R. Poevan. Accelerated Ozone Aging Tests. 
Business Meeting. 

. A. W. Carpenter. Charles Goodyear Lecture. The Tower of Babel. 


CARBON BLACK AND POLYMERS 
J. D. D'lannt, Presiding 


. J. T. Hitt and F. Leonarp. The Determination of Discoloration of 
Rubberlike Films by Reflectance Spectrometry. 

. Ross R. Onmspy. Activities of the Rubber Manufacturers’ Association. 

. A. Vorr. The Absorption Spectrum of Carbon Black Dispersions in 
Mineral Oil. 

. M. L. Stupepaker and L. G. Napors. The Chemistry of Reinforcement 
V. A Study of TMTD (Sulfurless) Vulcanizates Containing Carbon 
Black. 

. R. T. Morrissey. Halogenation of Butyl Rubber Using Iodine Mono- 
chloride and Iodine Monobromide. 

. B. G. Ataner and K. C. Friscn. Effect of Catalysts on Urethane Foam 
Properties. 


NEW POLYMERS 


Henry Perers, Presiding 


. J. H. Lorenz and F. Fexere. New Fusible Silicone Rubber Compounds, 

. T. D. Tatcort, E. D. Brown, and G. W. Hotsroox. A Solvent Resistant 
Fluorosilicone Rubber. 

. C. 8. ScHottenpercer, H. Scort, and G. R. Moore. Polyurethane VC, 
A Virtually Cross-linked Elastomer. 


6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 : 
19 
20 
21 
22 
23 
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24. H. E. Diem, H. Tucker, and C. F. Giees. Alkyllithium Polymerization 
of Isoprene. 

25. H. E. Apams, R. 8. Stearns, W. A. Smiru, and J. L. Brnper. Cis-1,4- 
Polyisoprene Prepared with Alkyl Aluminum and Titanium Tetrachloride. 

26. H. E. Rattspackx and Q. L. Morris. Low Temperature Properties of 
80 Per Cent Cis-Polybutadiene. 


FUTURE MEETINGS 


Meeting City Hotel Date 


Spring Cincinnati Netherlands Plaza May 14-16 

Fall Chicago Sherman September 10-12 
Spring Los Angeles Biltmore May 12-15 

Fall Washington* Shoreham November 9-13 
Spring Buffalo Statler May 24-27 

Fall New York Commodore September 13-16 
Spring Louisville Brown May 16-19 

Fall Chicago Sherman September 5-8 
Spring Boston Statler May 15-18 


* An international meeting jointl red by the Division of Rubber Chemistry ACS, Committee 
D-11 of ASTM, and the Rubber and Plastics Division of ASME. 


SPONSORED RUBBER GROUPS 


OFFICERS AND MEETING DATES 
1957 


AKRON 


Chairman: Sheldon Nicol (Goodyear Tire and Rubber Co., Akron). Asst. 
to Chairman K. R. Garvick (Mansfield Tire and Rubber Co., Mansfield). 
Secretary: Milton H. Leonard (Columbian Carbon Co., Akron). Treasurer: 
George Popp (Phillips Chemical Company, Akron). Terms end June 30, 1958. 
Meetings in 1957: October 25; in 1958: January 24, April 11, and June 20. 


Boston 


Chairman: Arthur I. Ross (American Biltrite Rubber Co., Chelsea). Vice- 
Chairman: Roger Steller (B. F. Goodrich Chemical Co., Boston). Secretary- 
Treasurer: William King (Acushnet Process Co., New Bedford). Terms end 
December 31, 1957. Meetings in 1957: March 15, June 14, October 18, 
December 13. 


BuFrFALo 


Chairman: Charles Miserentino (Dunlop Tire & Rubber Co., Buffalo). 
Vice-Chairman: John Helwic (Dunlop Tire & Rubber Co., Buffalo). Secre- 
tary-Treasurer: Richard Herdlein (Hewitt-Robins, Inc., Buffalo). Terms end 
December 31, 1957. Meetings in 1957: March 5, May 10, June 11, October 8, 
December 3. 
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1958 
1958 
1959 
1959 
1960 
1960 
1961 
1961 
1962 


CuIcaGo 


Chairman: A. E. Laurence (Phillips Chemical Co., Elmhurst). Vice- 
Chairman: V. Labrecque (Victor Mfg. & Gasket Co., Chicago). Secretary: 
M. J. O'Connor (O'Connor & Co., Inc., Chicago). Treasurer: J. Groot 
(Dryden Rubber Div., Sheller Mfg. Corp., Chicago). Terms end August 30, 
1957. Meetings in 1957: October 20, November 15, December 20; in 1958: 
January 31, March 14 and April 25. 


CoNnNECTICUT 


Chairman: Harry Gordon (Bond Rubber Corp., Derby). Vice-Chairman: 
R. T. Zimmerman (R. T. Vanderbilt Co., East Norwalk). Secretary: Vincent 
Chadwick (Armstrong Rubber Co., West Haven). Treasurer: William Couch 
(Whitney Blake Co., Hamden). Terms end January 1, 1958. Meetings in 
1957: February 15, May 24, September 7, November 15. 


DETROIT 


Chairman: H. F. Jacober (Baldwin Rubber Co., Pontiac). Vice-Chairman: 
E. J. Kvet, Jr. (Detroit Arsenal, Centerline). Secretary: 8. R. Schaffer (U. 8. 
Rubber Co., Detroit). Treasurer: W. F. Miller (Yale Rubber Mfg. Co., 
Detroit). Terms end December 31, 1957. Meetings in 1957: February 1, 
April 12, June 28, October 4, December 6. 


Fort WayNe 


Chairman: Maurice J. O'Connor (O'Connor & Co., Inc., Chicago). Vice- 
Chairman: George E. Kelsheimer (U. 8. Rubber Co., Fort Wayne). Secretary- 
Treasurer: Philip Magner, Jr. (General Tire & Rubber Co., Wabash, Ind.). 
Terms end June 8, 1957. Meetings in 1957: February 7, April 11, June 7, 
September 26, December 5. 


Los ANGELES 


Chairman: Roy N. Phelan (Atlas Sponge Rubber Co., Monrovia). Assoc. 
Chairman: Albert H. Federico (C. P. Hall Co., Los Angeles). Vice-Chairman: 
Charles H. Kuhn (Master Processing Corp., Lynwood). Secretary: B. R. 
Snyder (R. T. Vanderbilt Co., Los Angeles). Treasurer: Ray E. Bitter (B. F. 
Goodrich Chemical Co., Los Angeles). Terms end December 31, 1957. 
Meetings in 1957: February 5, March 5, April 2, May 7, June 7, 8 and 9, 
October 1, November 5, December 13. 


New 


Chairman: Herbert J. Due (St. Joseph Lead Co., New York). Vice- 
Chairman: C. V. Lundberg (Bell Telephone Laboratories, Murray Hill, N. J.). 
Secretary-Treasurer: R. G. Seaman (Rubber World, New York). Terms end 
December 31, 1957. Meetings in 1957: March 22, October 4, December 13. 


NorTHERN CALIFORNIA 


Chairman: Ralph T. Hickcox (Goodyear Tire & Rubber Co., San Francisco). 
Vice-Chairman: William H. Deis (Merck & Co., Inc., 8. San Francisco). 
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Secretary: Keith Large (Oliver Tire & Rubber Co., Oakland). Treasurer: 
A. E. Barrett (Mare Island Naval Shipyard, Rubber Laboratory, Vallejo). 
Terms end December 31, 1957. Meetings in 1957: January 10, February 14, 
March 14, April 11, May 9, June 13, September 12, October 10, November 14 
December 6. 


PHILADELPHIA 


Chairman: J. R. Mills (Goodall Rubber Co., Trenton). Vice-Chairman: 
R. A. Garrett (Armstrong Cork Co., Lancaster). Secretary-Treasurer: R. 8. 
Graff (E. I. du Pont de Nemours & Co., Trenton). Terms end January 25, 
1958. Meetings in 1957: January 25, April 12, August, October 25, November. 


Istanp 


Chairman: G. E. Enser (Collyer Wire Co., Pawtucket). Vice-Chairman: 
W. K. Priestley (Kaiser Aluminum Corp., Bristol). Secretary-Treasurer: H. W. 
Day (E. I. du Pont de Nemours & Co., Boston). Terms end November, 1957. 
Meetings in 1957: April 4, June 6, November 7. 


SouTHERN OHIO 


Chairman: E. N. Cunningham (Precision Rubber Products Corp., Dayton). 
Vice-Chairman: Earle Bartholomew (Wright Patterson Air Force Base, Day- 
ton). Secretary: R. J. Hoskin (Inland Mfg. Div., G. M. Corp., Dayton). 
Treasurer: H. F. Schweller (Inland Mfg. Div., G. M. Corp., Dayton). Terms 
end December 31, 1957. Meetings in 1957: March 28, June 1, October 24, 
December 14. 


Wasuinoton, D. C. 


Chairman: D. K. Bonn (U. 8. Rubber Co., Washington, D. C.). Vice- 
Chairman: R. D. Stiehler (National Bureau of Standards, Washington, D. C.). 
Secretary: A. W. Sloan (812 N. Fairfax St., Alexandria, Va.). Treasurer: 
J. Royden Moore (Firestone Tire and Rubber Co., Washington, D. C.). 
Terms end October, 1957. Meetings in 1957: January 16, February 13, March 
20, April 17, May 15. 


PROVISIONAL NON-SPONSORED RUBBER GROUP 


SovuTHERN 
Formed 1956, Provisional to 1958 


Chairman: John M. Bolt (Naugatuck Chemical Div., Olive Branch, Miss.). 
Vice-Chairman: T. R. Brown (B. F. Goodrich Co., Tuscaloosa, Ala.). Secre- 
tary: Roger B. Pfau (C. P. Hall Co., Memphis, Tenn.). Treasurer: Elden H. 
Ruch (Firestone Tire and Rubber Co., Memphis, Tenn.). Terms end October 
31, 1957. Meetings in 1957: February 8 and 9, June 7 and 8, November 15 
and 16. 
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SECRETARIES OF RUBBER GROUPS 


AKRON 


Mr. Milton H. Leonard 
Columbian Carbon Co. 
Akron, Ohio 


Boston 


Mr. William King 

Acushnet Process Co. 

P.O. Box 916 

New Bedford, Massachusetts 


BurFFALo 
Mr. Richard Herdlein, Jr. 
Hewitt-Robins, Incorporated 
240 Kensington Avenue 
Buffalo 5, New York 


CHICAGO 


Mr. M. J. O’Connor 

Room 417 

O’Connor & Company, Ine. 
333 N. Michigan Ave. 
Chicago 1, Illinois 


CONNECTICUT 
Mr. Vincent Chadwick 
Armstrong Rubber Company 
475 Elm Street 
West Haven 16, Conn. 


DerrRoit 


Mr. R. S. Schaffer 

U. 8. Rubber Company 
6600 E. Jefferson Ave. 
Detroit 7, Michigan 


Fort WAYNE 


Mr. Philip Magner, Jr. 
General Tire & Rubber Co. 
Wabash, Indiana 


Los ANGELES 
Mr. B. R. Snyder 
R. T. Vanderbilt Company 
1455 Glenville Drive 
Los Angeles 35, California 


New 
Mr. R. G. Seaman 
Rubber World 
386 4th Avenue 
New York 16, N. Y. 


NORTHERN CALIFORNIA 


Mr. Keith Large 

Oliver Tire & Rubber Company 
1256-65th Street 

Oakland 8, California 


PHILADELPHIA 


Mr. R. 8. Graff 

E. I. du Pont de Nemours & Co. 
Elastomer Chemicals Dept. 

1750 N. Alden Ave. 

Trenton, New Jersey 


Ruope 


Mr. H. W. Day 

E. I. du Pont de Nemours «& Co. 
18 Downing Street 

Hingham, Massachusetts 


SouTHERN OxnI0 


Mr. R. J. Hoskin 

Inland Manufacturing Division 
General Motors Corporation 
2727 Inland Avenue 

Dayton 7, Ohio 


Wasuinoron, D. C. 


Mr. Robert D. Stiehler 
National Bureau of Standards 
Washington 25, D. C. 


PROVISIONAL 
NON-SPONSORED 
RUBBER GROUP 


SouTHERN 
Mr. Roger B. Pfau 
C. P. Hall Company 
648 Riverside Drive 
Memphis 2, Tennessee 


» 

a 

xv 


THE DIVISION OF RUBBER CHEMISTRY 
AND THE RUBBER GROUPS* 


B. 8. Garvey, Jr. 


Cuemicats Corr 


In various parts of the country there are fourteen Rubber Groups which 
are sponsored by the Division of Rubber Chemistry. A fifteenth is operating 
successfully in the South with the support of the Division and may be officially 
sponsored in a year orso. The relation between these groups and the Division 
is both interesting and unusual. It is so successful that its very success some- 
times obscures the independence of the cooperating organizations. 

An occasional review of the over all set-up is desirable for the officers and 
members of the organizations involved. Such a description may also be of 
interest to other divisions of the American Chemical Society. 

The relationship depends on what the Division is, what a Rubber Group is, 
and on the activities of the Division and the Groups. 

The American Chemical Society is a national organization of chemists and 
chemical engineers. Because it is a scientific and professional society, it must 
maintain adequate standards for its members. To be a full member of the 
ACS one must have a degree in chemistry or chemical engineering from a rec- 
ognized institution and must have had professional practice in chemistry or 
chemical engineering. In exceptional cases, people who have demonstrated 
their chemical knowledge and ability may be admitted to membership without 
having the degree usually required. 

The Local Sections are geographic units of the American Chemical Society. 
Any member of the ACS living in an area where there is a Local Section is auto- 
matically a member of that Section. 

The Division of Rubber Chemistry is one of twenty odd national divisions 
of the American Chemical Society based on branch of chemistry or field of 
interest. Other Divisions are those of Organic Chemistry, of Inorganic Chem- 
istry, of Petroleum Chemistry, etc. All Division members must be members of 
the parent society. Any member of the Society can become a member of the 
Division by expressing his interest and paying his Division dues. 

The Rubber Groups are independent organizations of people who are inter- 
ested in the chemistry and technology of rubber. Membership is open to any- 
body who is sufficiently interested to pay his dues. Although the organization 
and activities of the groups are more or less restricted on a geographical basis, 
the membership is not. Many are members of three or more different groups. 

The American Chemical Society runs national technical meetings, publishes 
a number of technical journals, and conducts a number of professional and re- 
lated activities on a broad, national basis. It promotes and aids both Section 
and Division activities. 

The Local Sections operate on the local level to bring the members of the 
ACS together both socially and professionally. The extent and range of activ- 
ities vary with the desires of the Section members. The Sections represent 
the Society activities on the local basis. Their meetings are socially pleasant 
and scientifically instructive. 

A large part of the national activities of the Society is conducted through 
the Divisions. The national meetings are all organized on a Divisional basis 
with the Divisional officers responsible for the programs and the conduct of the 


meetings. Sometimes, as at National Society meetings, many of the Divisions 
* This article is based on comments made by the author, as chairman of the Division of Rubber Chemis. 

7, before several of the Rubber Groups and on his discussion of Ge cutie at the organizational meeting 
the Southern Rubber Group in New Orleans on November 16, 
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meet at the same time and place. At other times a Division may meet by it- 
self. In addition to these meetings, each Division may have its own special 
activities. The Division of Rubber Chemistry publishes Rusper CHemisTrRyY 
AND TecHNOLOGY and the Rubber Bibliography. It operates the Division 
Library. It has sponsored the publication of important books on rubber and 
related subjects. It sponsors Rubber Groups and works with them. 

The Sections and Divisions are parts of the American Chemical Society, 
their activities are those of the Society and their officers must be Society mem- 
bers. The Councillors are elected by the Sections and Divisions to the Council 
of the American Chemical Society, its chief governing or legislative body. 

The Rubber Groups conduct technical and social meetings for their members. 
In many cases they sponsor educational programs of which that of Tlargi 
Foundation is one of the most ambitious and most successful. Except to the 
extent that I will mention as we go along, these activities are independent of the 
American Chemical Society. The group officers do not have to be members of 
the ACS. 

We, here, are interested primarily in the Division of Rubber Chemistry, the 
Rubber Groups and the relations between them. 

The situation with regard to the Division and its membership is relatively 
simple. Primarily, it is a scientific and technical organization of chemists 
and chemical engineers interested in rubber. 

With the Rubber Groups the situation is not so simple. Many Group 
members, my guess is over half of them, are not eligible to be members of the 
American Chemical Society. Among these members are laboratory technicians 
without college degrees, factory workers, purchasing agents and salesmen who 
may have degrees, even advanced degrees, in fields other than chemistry or 
chemical engineering, executives, and others whose sole qualification is an 
interest in rubber. These people may come from rubber manufacturing com- 
panies, suppliers of raw materials, users of rubber products, or colleges and uni- 
versities. They come from every department and all levels of these organiza- 
tions. 

What is the cement which holds such apparently heterogenous groups 
together? It is a common interest in the technology of rubber and a general 
recognition that the operation and prosperity of the industry depends on this 
technology. There are very few positions in the rubber industry where a man 
cannot do a better job if he has a general knowledge of compounding and proc- 
essing supported by an elementary knowledge of the chemistry, physics, and 
engineering of the materials and their use. These facts are rather generally 
recognized in all branches of the rubber industry and are the foundation of the 
Rubber Groups. 

If the foundation of the Rubber Groups is technical, much of the super- 
structure is social and personal. This requires no apology. As our industrial 
organization gets more complicated and the units larger, the problems of com- 
munication and personal contact become increasingly difficult. Yet the fact 
remains that all of these organizations are run by men and that the relations and 
contacts between these men are vital cogs in the operation of the organizations. 

Now let us see how the Rubber Groups have met the technical and social 
needs of their members. 

The first attempts to meet the technical needs were through evening lectures 
given two or three times a year on selected phases of the rubber industry. Such 
lectures ate still the main features of the programs of most Groups. Over the 
years, however, their quality has improved tremendously both in technical 
content and in lucidity of explanation to the more non-technical members. At 
present many of these lectures are given in the afternoon so as to have ample 
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time for the lecture and discussion before the more convivial part of the meeting 
gets under way. 

An elaboration of the technical lecture which has become popular among 
rubber groups in the last few years has been the symposium on a special subject. 
A panel of experts is selected, each of whom gives a short talk on one phase of 
the subject. Questions previously submitted in writing are then handled by 
prepared discussion. If time permits, questions are taken from the floor and 
answered off the cuff. 

On a more elaborate scale are the courses in rubber technology which are 
sponsored by many of the Rubber Groups. While some of these are given in 
cooperation with universities and may even rate college credits, they are not 
considered to be advanced technical courses. Rather, they are aimed chiefly at 
the educated layman, executives, salesmen, purchasing agents, and technicians 
and give a broad general picture of the technology of the industry. 

The most advanced technical program is that of the Los Angeles Rubber 
Group which has established the Tlargi Foundation at the University of 
Southern California. Here, in addition to a general course similar to that 
sponsored by other Groups, are given advanced courses leading to degrees with 
Rubber Technology as a major. 

On the social side, the various Groups have dinners and social hours from 
three to six or eight times a year, generally in conjunction with the technical 
meetings. A number have Christmas social parties and a few have an annual 
dance. Most have one or more golf outings during the summer. During 
these social periods the Group members have the opportunity to make, on the 
basis of fellowship, acquaintances and friendships throughout the industry in 
the area. These friendships may or may not have value as business contacts, 
but they certainly broaden the outlook of the individual and generally make 
his daily work more interesting. 

Thus, the Groups furnish technical and social activity to members having a 
wide variation in technical background, experience and business activity. You 
may well wonder why such Groups have any relation to the Division of Rubber 
Chemistry. 

I suspect that the answer is that most Groups were started by Division 
members, in many cases with the help and advice of the Division as an organ- 
ization. The officers and members of the Division have maintained their 
interest in and cooperation with the Groups. Over the years, the relationship 
has become formalized to the extent that it is definitely recognized in the bylaws 
of the Division and generally accepted by the Groups. 

Since so many members of the Groups are not chemists, the Groups could 
not become parts of the Division without serious problems of membership and 
authority. Hence, the Groups are “sponsored”. Through this sponsorship 
the Division gives the Groups a loose national organization whereby mutual 
problems can be considered jointly and whereby such coordination as is deemed 
necessary can be achieved. 

Now let us look for a minute at the Division activities which are of interest 
to Group members. 

First of all we have the semi-annual meetings of the Division. Here the 
latest results of research and development are presented and here the rubber 
chemists from all over the country get together. On a more advanced tech- 
nical level and a broad, national basis these meetings have the advantages I 
have already given for the Group meetings. 

Rusper Cuemistry AND TecHNOLOGY publishes much of the best of the 
technical literature on rubber, and the Bibliography catalogs all the literature 
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onrubber. Both of these publications are furnished to Division members and 
associates. In addition to these regular publications, the Division has spon- 
sored the publication of important books on rubber and related subjects. 

The Division also sponsors and operates a Library at the University of 
Akron. This is a library to an industry and makes available to any member of 
the Division or of a Group a library service comparable to that he might receive 
from a company or public library of similar scope. Through this library there 
is available probably the most complete collection of literature on rubber and 
related subjects there is anywhere in the world. We have only one librarian, 
however, and if a great many people send in requests at the same time she gets 
swamped, as has happened occasionally. In general, though, requests are 
handled rather promptly. 

You will note that all of these activities are devoted to the development of 
the chemistry and technology of rubber. This is as it should be in a scientific 
society such as the American Chemical Society. They are of vital interest to 
all Group members and are the business of many of them. 

In addition, through the Directors and Liaison Committee, the Division 
seeks to help the Groups wherever possible, serving to coordinate activities and 
information and to help technical and educational programs and other activities. 
To make this coordination more effective the Directors of the Division are now 
elected from the geographical areas served by the Rubber Groups. 

The American Chemical Society recognizes the status of Division Associate 
which makes it possible for non-chemists to become Associates. Any Group 
member can take advantage of this provision to become an associate of the 
Division of Rubber Chemistry. An associate enjoys all the advantages of 
Divisions members except those of voting or holding office. 

The sponsorship of the Groups by the Division and the fact that so many 
Group members are also Division members gives to the Groups technical 
prestige and industry status which they would not otherwise have. The co- 
operation on a national basis has helped to raise the level of the technical 
meetings and the educational programs of the Groups. The high standards 
obtained by the Groups as a result of this kind of cooperation has, in turn, 
greatly increased the pleasure and importance of the social side of Group activi- 
ties. These benefits accrue to all Group members whether they be factory or 
laboratory technicians, executives, salesmen, purchasing agents, or what have 
you. By becoming Division Associates, the non-chemist group members may 
join in most of the Division activities and receive its publications. 

To the Division, the Rubber Groups form the broad base of membership 
and support which has made the Division of Rubber Chemistry one of the 
largest and most active in the American Chemical Society. Group participa- 
tion in Division meetings has contributed much to their smooth operation and 
excellent attendance. To the individual Division members, particularly those 
in more highly technical and isolated positions, the Rubber Groups offer a 
unique opportunity to meet and talk to people in all phases of the rubber 
industry, thus effectively broadening their outlook and knowledge. 

In closing, I want to make an observation of whose truth I am more con- 
vinced every time I discuss the Groups and the Division. 

The Division and the sponsored Rubber Groups, with their operations 
which are at the same time independent, interdependent, and cooperative, 
bring to their members not only vital technical information but also a broad 
understanding of all the ramifications of the rubber industry. This combina- 
tion of breadth and depth is rare in any industry. It is good for the individual, 
for his company, and for the industry as a whole. 
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NEW BOOKS AND OTHER PUBLICATIONS 


Society or Transactions. Interscience Publishers, Inc., 
250 Fifth Avenue, New York 1, New York. Annual. Volume I, 1957.— 
Paper cover, 6 X 9 inches, 224 pages. Price $6.00. 


La STABILISATION DES CHLORURES DE PoLyvinyLe. By Fernand Che- 
vassus and Roger de Broutelles. Les Editions Amphora, 119 Ave. Parmentier, 
Paris XI, France. Vinyl] imitation leather cover, 6} 93 inches, 332 pages. 
Price $9.80, plus postage.—For the first time a book has appeared in which the 
stabilization of PVC has been thoroughly and systematically covered, both 
from the theoretical and the practical standpoints, so as to aid technologists 
not only in selecting the proper stabilizer for a given purpose, but also in under- 
standing the mechanism of the degradation and stabilization of PVC. 

The work falls into three parts, including 12 chapters in all. Part I, a 
theoretical study of the degradation and stabilization of PVC, is divided into 
three chapters in which are treated: the structure of PVC, degradation by light 
and heat; the functions of stabilizers—fixation of hydrochloric acid, addition to 
double bonds, modification of the action of oxygen; and photodegradation of 
PVC, opacifying agents and ultraviolet filters. 

The first chapter of Part II presents a fairly complete list of stabilizers, 
grouped according to chemical composition and with descriptions of their 
nature and uses; the second chapter discusses combinations of stabilizers and 
synergical phenomena, 

Part III, in seven chapters, reviews methods of stabilization from a tech- 
nological standpoint. Testing and the influence of the constituents of a mix 
(type of resin, plasticizer, fillers, etc.), respectively, are dealt with in the first 
two chapters of this section; the succeeding five chapters take up specific ap- 
plications: for electrical purposes; calendered products; rigid materials; 
plastisols and organosols; and paints and varnishes. References and patents 
are given at the end of each chapter throughout the work. 

Finally, commercial stabilizers commonly used are listed under their trade 
names and arranged by manufacturers; both European and American firms 


are included. [Reviewed in Rubber World.] 


Cuemistry OF NATURAL AND Synruetic Ruppers. By Harry L. Fisher. 
Reinhold Publishing Corporation, New York, New York. 6 X 9 inches, 208 
pages. Price $6.50. 


EnorneertnG Uses or Ruspper. Edited by A. T. McPherson and Alex- 
ander Klemin. Reinhold Publishing Corporation, New York, New York. 
Cloth cover, 6 * 9 inches, 490 pages. Price $12.50.—The test, comprising 14 
chapters, was written by 18 outstanding rubber technologists chosen because of 
expert knowledge in their respective fields. In addition, an introductory 
chapter provides historical and statistical background, and a concluding chapter 
deals with the relation between the structure of polymers and their rubberlike 
properties. The book covers four major areas, the manufacturer of rubber 
goods, the properties and behavior of rubber, applications in different industries, 
and means of obtaining rubber products either by specification purchase or by 
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special construction. The two chapters dealing with manufacturing processes 
such as mixing, calendering, spreading, and vulcanization are of most value to 
the engineer outside the rubber industry in enabling him to understand why 
rubber products behave as they do and what changes can be made in them 
economically. 

The three chapters dealing with the properties and behavior of rubber pro- 
vide fundamental information on physical properties and resistance to deteri- 
oration on which most engineering uses depend. The first summarizes the 
physical characteristics of the material and the methods used for their measure- 
ment; the second deals quite fully with the elastic properties important to uses 
of rubber in springs and for vibration absorption, including specific design 
formulas for various mountings in shear, torsion, and compression; the third 
is a very complete discussion, in light of present knowledge, of the causes and 
extent of deterioration under service conditions and of the methods of testing 
the susceptibility of rubber compounds to such deterioration. 

Of the seven chapters covering the applications of rubber in industry and 
transportation, three deal with specific branches of engineering: namely, civil, 
chemical, and electrical, and two with uses in automobiles other than tires and 
in aviation. Separate chapters are devoted to tires and conveyor belts. 

The subject of means of obtaining rubber products having desired properties 
is covered in two valuable and unusual chapters, the first of which is a very 
complete discussion of specifications and inspection of products purchased 
from manufacturers, and which gives many pertinent instructions on the pre- 
paration and content of such specifications and provides abundant references 
to existing specifications and other source material. The other chapter is a 
very practical presentation of procedures whereby rubber articles needed for 
new and special purposes may be procured or made by engineers outside the 
rubber industry. 

This book was originally planned by the late Alexander Klemin, eminent 
aeronautical engineer, to provide information and data on rubber which are 
needed by engineers outside the rubber industry concerned with applications 
of the material in design problems. He had secured the cooperation of many 
of the authors and had some of the manuscripts in hand when death intervened. 
The work was completed by A. T. McPherson, associate director, National 
Bureau of Standards, who had been working with Dr. Klemin on many of the 
technical aspects pertaining to rubber. Probably it is inevitable in a text pre- 
pared by so many different authors that there should be some repitition, but 
the superior editing job done by Dr. McPherson has reduced this situation to 
a minimum. Also, the time required for preparation of a book of this type 
makes it difficult to keep up with such a rapidiy changing field as rubber tech- 
nology, and more information could be desired on some of the newer materials 
such as the polyurethans and the chlorosulfonated polyethylenes. Finally, the 
engineering uses of rubber are so numerous that all could not be completely 
covered in a book of reasonable size ; however, the fields which have been chosen 
and very ably treated are probably those in which engineering information is 
most difficult to obtain or which have great economic importance. The book 
is well indexed, and definitely represents a new approach to the subject and 
seems not only to have accomplished Dr. Klemin’s original objective with 
respect to engineers outside the rubber industry, but also to be invaluable to 
all engineers and users of rubber products both for reference and as a source 
book of information for development purposes. [Reviewed by Arthur W. 
Carpenter in Rubber World.) 
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Conpuctive Russer. By R.H. Norman. Maclaren and Sons, Ltd., 131 
Great Suffolk Street, London, 8.E.1, England. Price $2.25.—This is the first 
of four technical manuals produced by staff members of the Research Associ- 
ation of British Rubber Manufacturers dealing with subjects on which the 
Research Association has made intensive investigations. Although much of 
this work has been published, the numerous reports and papers have been 
spread over a period of years. This publication surveys a whole mass of re- 
sults and presents the main conclusions in a form which can be easily used by 
the industry. It deals most comprehensively with the conductive and anti- 
static classes of rubber. Chapter headings include: Contact resistance ; Manu- 
facture ; Effects of stress, time and otlier variables on resistivity ; Test methods; 
Variability of resistivity ; and, Uses of conductive rubber. 

The production of this publication has been made possible by financial 
support received in the Conditional Aid scheme for the use of Counterpart 
Funds advanced from United States Economic Aid. 


REINFORCEMENT OF Russers. By D. Parkinson. Published by Lakeman 
and Company, London, England, for the Institution of the Rubber Industry, 4 
Kensington Palace Gardens, London, W. 8, England. Cloth cover, 84 x 6 
inches, 93 pages. Price $3.50.—The author starts his monograph with a dis- 
cussion of the meaning of the term “reinforcement” and proceeds with his 
definition as follows: “In this monograph, therefore, unless otherwise stated, 
reinforcement will imply the incorporation into rubber of substances having 
small particles which give to the vulcanizate high abrasion resistance, high 
tear and tensile strength, and some increase in stiffness."" The early chapters 
of the book deal with the properties of carbon black, and other fillers, and with 
their influence on rubber. The “Selected Bibliography’, an addition of 7 
pages, covers a far-reaching survey of the literature, and students, technologists, 
and research workers should be particularly interested in the latter part of the 
volume, in which the author brings together our present-day knowledge of 
reinforcement. The author has not attempted a purely academic treatment 
of this most difficult subject. He has, however, given much interesting and 
important information, both theoretical and practical, on one of the outstanding 
problems related to the rubber industry. [Excerpted from the review by 
Philip Schidrowitz in Rubber Journal, ] 


Fisres, Piastics anp Rusppers. By W. J. Roff. Academic Press, Inc., 
111 Fifth Avenue, New York 3, New York. 6 X 9 inches, 400 pages. Price 
$10.00.—This handbook contains extensive chemical, physical and general 
information on common high polymers, i.e., on materials composed of relatively 
simple recurring units which, in aggregation, give rise to unique properties and 
find important technical applications in rubbers, plastics, fibers and films. The 
compilation is designed for ready reference and is intended primarily for those 
engaged in industrial research and development. While fulfilling this purpose 
for common polymers, the book will also serve as a practical introduction to the 
constitution, properties, identification and utilization of these materials. Of 
particular interest are those sections dealing with such elastomers as butadiene- 
styrene, butadiene-acrylonitrile, butyl rubber, polyacrylonitrile, polysulfide 
rubbers, polyvinyl chloride, ete. It is believed that this interesting book will 
be a valuable addition to the technical library of anyone engaged in the rubber 
industry. [Reviewed in Rubber Age (N. Y.).] 


THE QUANTITATIVE DETERMINATION 
OF RUBBER CHEMICALS * 


Orro LORENZ AND ELISABETH EcuTE 


Kavurscuukinetitut, Tecuniscue Hocuscuute, Hannover, Germany 


INTRODUCTION 


In the course of our investigations of the kinetics of sulfur vulcanization of 
natural rubber in the presence of mercaptobenzothiazole! it was necessary that 
we become interested in methods for the quantitative determination of mer- 
captobenzothiazole, the zinc salt of mercaptobenzothiazole, and dibenzothi- 
azoly] disulfide, since these compounds can be found in suck vulecanizates. In 
addition we had to ascertain whether it was practical to determine free sulfur 
as proposed by Scheele and Ilschner-Gensch? in vulcanizate extracts containing 
the above-named compounds. Lastly, further investigation was required to 
establish what influence the zinc salts of fat acids, which are frequently added 
to rubber mixes, have on this determination. The present article reports our 
results. 


PROCEDURES FOR THE QUANTITATIVE DETERMINATION OF MERCAP- 
TOBENZOTHIAZOLE, ZINC BENZOTHIAZOLYLMERCAPTIDE AND 
DIBENZOTHIAZOLYL DISULFIDE 


Conductometric determination of mercaptobenzothiazole with silver nitrate.— 
The quantitative reaction of mercaptobenzothiazole with silver nitrate in an 
aqueous-alcoholic or aqueous acetone solution causes the difficulty soluble silver 
salt of mercaptobenzothiazole and nitric acid to be formed: 


—SH —S—Ag+HNO, 


As the figure shows, this process can be followed conductometrically (ab- 
scissa : addition of silver in ml. ; ordinate: conductivity in |/ohm). The 
conductivity rises sharply at first due to the liberation of hydrogen ions as the 
silver salt of the mercaptobenzothiazole precipitates. When the reaction is 
completed a more gradual, equally linear rise in conductivity can be observed. 
This is caused by an excess of silver ions. 

Method of analysis.—A measured volume of an alcoholic solution of mercap- 
tobenzothiazole is first placed in the conductivity cell and diluted with approx- 
imately the same amount of water. The standard solution is added in incre- 
ments with mechanical stirring. The conductivity, which sets in very quickly, 
is measured after each addition. Titration is expediently accomplished at room 
temperatures ; care must be taken, of course, to keep the temperature constant. 


* Translated for Russer Curmisrry Tecuno.ooy by G. Leuca, from Kautschuk und Gummi, Vol. 
9, No. 12, pages WT 300-304, December 1956. 
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The accuracy of the argentometric conductivity titration of mercaptobenzo- 
thiazole is indicated in Table I. 

lodometric determination of mercaptobenzothiazole through visual endpoint 
indication.—A conductometric titration process for the quantitative determi- 
nation of mercaptobenzothiazole with an alcoholic iodine solution has already 


of. 
05 0 20 
AgwO, (mi) 


1.—-Conductometric titration of mereaptob thiazole with AgN®:. 
The ordinate is conductivity, 2". 


been described in the first communication of this series’. Elementary iodine 
oxidizes this compound quantitatively, under proper experimental conditions, 
to the disulfide: 


N N N 
s 


Experience has shown that this analysis can also be carried out with visual 
endpoint indication, if solvents are used in which iodine dissolves with a red- 
dish-violet color. Hence a visual iodometric titration of the mercaptobenzo- 
thiazole is particularly advisable when it is dissolved in chloroform, carbon 
tetrachloride, chlorobenzene, bromobenzene and the like. This obviates dis- 
tilling the solvent and recovering the residue with alcohol or acetone. How- 
ever, visual titration gives accurate results only when the solution to be analyzed 
is colorless. Thus, with colored solutions, one must resort to the conductomet- 
ric process. About 25 ml. of a solution of mercaptobenzothiazole in chloroform 
are covered with a layer of distilled water and added gradually, in increments, 
to an alcoholic iodine solution of known strength. After each increment there 


Val 
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Tasie I 
Conpuctomerric TITRATION OF MERCAPTOBENZOTHIAZOLE AgNO, 
Sample 
Reagent consumed 
milli- Found, Caled., 
moles Reagent mi. ml, 


0.40 0.1 N AgNOs 3.98 
4.03 


0.20 0.1 N AgNO; 2.00 
1.98 


0.10 0.1 N AgNO; 0.99 
1.015 
1.01 


8.35 0.05 0.05 N AgNO, 0.985 
0.98 


888 Ss 88 


is vigorous shaking. The endpoint is recognized by the appearance of red 
coloration in the organic phase (chloroform), brought on by excess iodine. The 
volume of the last drop of the iodine solution is subtracted from the total 
amount consumed to give the exact result for the analysis. It should be pointed 
out that covering of the organic phase with water is absolutely necessary in 
order to remove the hydriodic acid formed during the reaction. When no 
water is added the reaction runs substantially slower and probably not quanti- 
tatively. 

Some of the results obtained with solutions of mercaptobenzothiazole in 
chloroform have been assembled in Table II. 

Iodometric determination of zinc benzothiazolyl mercaptide by means of visual 
endpoint indication.—The extraordinarily low solubility of zinc benzothiazolyl 


II 


VisuaL TITRATION OF MERCAPTOBENZOTHIAZOLE 
ALcono.ic lopIngE SoLuTION 


Sample 


Reagent consumed 

In der 

Found, Deviation, 


Reagent ml. 


0.2 0.05 N I; 


> > 
oo 


23 
LP 
S888 


0.05 N 


8 8883 


++ 
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1019 
66.8 —0.5 
+0.75 
~1.0 
16.7 ~1.0 
+1.5 
+1.0 
“30 
—2.0 
33.4 +0.25 
+0.25 
0.0 
+0.25 
16.7 0.1 0.05 N I, 0 
8.35 0.05 
3.34 0.02 0.02 N I, ; 
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mercaptide in the usual organic solvents is striking; it is perceptibly soluble 
only in chloroform, and in bromobenzene, where it dissolves somewhat more 
readily. Such solutions—like those of mercaptobenzothiazole—can be ana- 
lyzed quantitatively through visual titration with considerable accuracy when 
an alcoholic iodine solution is used. Once again there is oxidation to a disulfide 
and formation of zine chloride. The procedure is essentially the same as that 
used to determine mercaptobenzothiazole. Again a treatment of the organic 
phase with water is required to insure a quantitative reaction and precise re- 


III 


VisuaL TirRaTtion or Zinc BENZOTHIAZOLYL 
Mercaptive wirn Tincture or lopine 


Sample 


In milli- ‘aled., Deviation, 
In mg moles Reagent mi. % 
39.70 0.1 0.05 N I, 3.98 . —0.5 
3.99 4. —0.25 


29.775 0.075 0.05 N 1, 2.99 3. —0.3 
4.00 3. 0.0 


19.85 0.05 0.05 N I, 2.00 j 0.0 
2.01 +0.5 


9.925 0.025 0.05 N I, 0.995 d —0.5 
1.00 . 0.0 


4.965 0.0125 0.02 N I. 1.24 —0.8 
1.245 —0.4 


2.482 0.00625 0.02 N I; 0.615 ~1.6 
0.625 0.0 


sults. Oxidation of the zinc salt proceeds more slowly, however, so that shak- 
ing must be continued for a somewhat longer period after each iodine solution 
increment before loss of color will appear in the organic phase. 

Table III shows the exactness by which zinc benzothiazoly! mercaptide can 
be determined by this method. 

Determination of zinc benzothiazolyl mercaptide by conductometric titration. 
Zine benzothiazolyl mercaptide can be cleaved very rapidly by acids: 


N 


The mercaptobenzothiazole formed thereby—as already shown—can now 
be determined iodometrically, argentometrically, or by titration’ with sodium 
hydroxide. Since the solutions obtained through acid cleavage require pre- 
treatment to some extent, in order that the analysis be carried out, a brief de- 
scription follows. A carefully weighed quantity of zine benzothiazolyl mer- 
captide is treated with alcohol and heated with an excess of 0.1 N HCl under 
reflux for 10 to 15 minutes. A clear solution is rapidly obtained, indicating a 
quantitative reaction. This solution can be used as is for an iodometric titra- 
tion, even when the latter is conductometric, for neither the excess hydrochloric 
acid nor the zine chloride formed thereby disturbs this titration. However, if an 


Reagent consumed 
N 
| 
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argentometric or alkalimetric conductivity titration is desired, further manip- 
ulations are necessary. The alcohol is largely distilled off and the mercapto- 
benzothiazole is shaken out of the remaining aqueous and acid suspension with 
ethyl! acetate or benzene. The solution, now containing only mercaptobenzo- 
thiazole, is washed, after separation of the organic phase, with distilled water 
until the wash water no longer shows any reaction to chlorine ions. After the 
solvent (benzene or ethyl acetate) is distilled off, the residue is taken up with 
alcohol and portions of this solution are titrated‘ with NaOH or AgNO, con- 
ductometrically. 


Tasie IV 


Conpuctomerric TrrratTion with AgNO, or Zinc BENzOTHIAZOLYL 
MERCAPTIDE AFTER AcID CLEAVAGE 


Sample Added HCl Reagent consumed 
In milli- milli- Found, Caled,, Deviation, 
In mg. moles ml, moles Reagent ml, ml, % 
39.70 0.1 4.0 0.4 0.1 N AgNO, 1.98 2.00 ~—1.0 
1.99 2.00 —0.5 


29.775 0.075 3.0 0.3 0.1 N AgNO, 1.49 1.50 —0.7 
1.505 1.50 +0,3 
19.85 0.05 2.0 0.2 0.1 N AgNO, 1.01 1.00 +1.0 
1.015 1.00 +1.5 


9.925 0.025 1.0 0.1 0.05 N AgNO, 0.995 1.00 —0.5 
1.00 1,00 0.0 


4.963 0.0125 0.5 0.05 0.05 N AgNO, 0.495 0.50 —1.0 
0.505 0.50 +1.0 


In Table IV there are assembled a number of results obtained from analysis 
of zine benzothiazolyl mercaptide through argentometric conductivity titration 
of mercaptobenzothiazole by means of acid cleavage. It must be noted that a 
conductometric determination is to be recommended only when colored solu- 
tions are present since under such conditions a titration process with visual 
indication of the endpoint, as in iodometry, cannot provide sufficiently accurate 
results. 

Determination of dibenzothiazolyl disulfide as mercaptobenzothiazole after 
reduction with tin(II) chloride.-The quantitative determination of dibenzo- 
thiazolyl disulfide can also be converted to a mercaptobenzothiazole analysis. 
The mercaptobenzothiazole is formed by the action of a strongly acid solution of 
stannous chloride on the disulfide suspended in acetone: 


After the excess reducing agent is separated, the mercaptobenzothiazole can be 
determined quantitatively by one of the methods described above, the amount 
of disulfide being established from the results of the analysis. A known quan- 
tity of dibenzothiazolyl disulfide is suspended in acetone, and, together with an 
excess of a 5 per cent solution of stannous chloride, is treated with 2.5 N hydro- 
chloric acid; e.g., about 10 ml. of the reducing solution and 30 ml. acetone are 
added to 166 mg. of disulfide. The suspension is boiled for about 5-10 min., 


ae 
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whereby it is changed to a clear solution. After distilling off the acetone, the 

acidic aqueous suspension is diluted with water and the mercaptobenzothiazole 

shaken out with ethyl acetate. Following careful separation and repeated 

washing of the organic phase, the ester is distilled off and the residue taken up 

with alcohol. The amount of mercaptobenzothiazole contained in this solu- 

tion can be determined, e.g., by conductometric titration with silver nitrate. 
Table V gives results of analyses for dibenzothiazoly] disulfide. 


V 
DETERMINATION OF DIBENZOTHIAZOLYL DISULFIDE, 
Trrration AgNO, arrer SnCl, Repucrion 


Sample Reagent consumed 
In milli- Found, 

moles Reagent rol, 

0.150 0.1 N AgNO, 2.97 
2.985 


0.125 0.1 N AgNO, 2.5 
2.51 


0.100 0.1 N AgNO, 1.95 
1.98 


0.075 0.1 N AgNO, 1.485 
1.505 


a 


SS 88 88 SE SS SB 


Deviation, 


Nw wo 


0.050 0.1 N AgNO; 0.995 
1.01 


0.025 0.05 N AgNO; 1.00 
1.02 


0.0125 0.05 N AgNO, 0.495 
0.50 


+ +1 +1 
no 


3 
5 
at) 
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QUANTITATIVE DETERMINATION OF MIXTURES OF MERCAPTOBENZO- 
THIAZOLE, ZINC BENZOTHIAZOLYL MERCAPTIDE AND DIBENZO- 
THIAZOLYL DISULFIDE 


When vulcanizates containing sulfur and mercaptobenzothiazole are ex- 
tracted with the proper solvents, in addition to sulfur, the extracts will contain 
mercaptobenzothiazole, its zinc salt, and dibenzothiazoly! disulfide. In order 
to analyze such vulcanizates we therefore investigated solutions containing 
these compounds simultaneously, taking into account the process described in 
detail in the previous section for determining each substance separately. 

To bring the zinc benzothiazolyl mercaptide into solution we used chloro- 
form or bromobenzene as solvents. 

When such solutions are titrated iodometrically (visual endpoint), the quan- 
tity of alcoholic iodine solution used equals the sum of the mercaptobenzothi- 
azole and the zine benzothiazolyl mercaptide. The results (Column 2 of Table 
VI) show the disulfide and sulfur not to disturb the titration. 

Now in order to determine the mercaptobenzothiazole alone, which is in the 
solution, the solvent is distilled off and the residue treated with alcohol. Only 
the mercaptobenzothiazole is dissolved quantitatively, the zinc benzothiazoly] 
mercaptide remains undissolved, while the sulfur as well as the dibenzothiazoly| 
disulfide go only partly into solution. As shown by the results in Column 1 of 


In me. 
49.8 
—0.5 
+0.4 
—1.0 
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Table VI, however, sulfur and the disulfide of mercaptobenzothiazole do not 
disturb the argentometric conductivity titration of mercaptobenzothiazole— 
the difference between the sum of mercaptobenzothiazole + zine benzothiazoly] 
mercaptide and mereaptobenzothiazole gives the quantity of zine benzothia- 
zolyl mercaptide. 

If determination of the amount of dibenzothiazoly! disulfide in the initial 
solution is the purpose, the residue after distilling off the solvent must be re- 
duced with an acidic stannous chloride solution. A clear solution forms after 
heating for a short while, since there is a coincident cleavage of the zine benzo- 
thiazolyl mercaptide by the excess hydrochloric acid. After reduction the solu- 
tion contains, as the organic portion, only mercaptobenzothiazole, which is now 
properly extracted with chloroform, because the solution of mercaptobenzo- 
thiazole in chloroform can be titrated immediately, after being carefully 


Taste VI 


ANALYSIS OF A MrixTuRE OF MERCAPTOBENZOTHIAZOLE, ZINC 
BENZOTHIAZOLYL MERCAPTIDE AND DIBENZOTHIAZOLYL DISULFIDE 


100 ml. of solution containing (solvent :chloroform) : 
16.7 mg. 0.1 millimoles mercaptobenzothiazole (M) 
19.85 mg. == 0.05 millimoles zine benzothiazoly] mercaptide (ZnM) 
16.6 mg. == 0.05 millimoles dibenzothiazoly! disulfide (DS) 
32.0 mg. ==1.0 milligram atoms sulfur 


Visual titration with 
Conduct. titra- Visual titration 0.05 N iodine solution 
tion with 0.1 N with 0.05 N after reduction with 
NO, iodine solution SnCly 


Consumption for 
100 ml. solution 
in ml., found 1.01 4.015 5.95 


Theoretical (calculated for (calculated for (calculated for 
consumption for M) M + ZnM) M + ZnM + D8) 
100 ml. solution 
in ml. 1.00 4.00 6.00 

Deviation, % +1.0 +0.4 —0.8 


washed. This analysis determines the sum of mercaptobenzothiazole, zinc 
benzothiazolyl mercaptide, and dibenzothiazoly! disulfide. That it was found 
to be correct is demonstrated in Column 3 of Table VI. The quantity of disul- 
fide is calculated from the difference in the sum of mercaptobenzothiazole +- 
zine benzothiazolyl mercaptide and dibenzothiazoly! disulfide and the sum of 
mercaptobenzothiazole and zinc benzothiazoly! mercaptide. 

The result is, therefore, that described for the quantitative determination 
of mixtures of mercaptobenzothiazole, zinc benzothiazolyl mercaptide and di- 
benzothiazolyl disulfide, only the mercaptobenzothiazole being determined 
directly. The zine benzothiazolyl mercaptide and dibenzothiazolyl disulfide 
of the mixture must be calculated from the analyses giving the sum of mer- 
captobenzothiazole and zinc benzothiazolyl mercaptide, or the sum of all three 
of these compounds. 


DETERMINATION OF ELEMENTARY SULFUR IN THE PRESENCE OF 
MERCAPTOBENZOTHIAZOLE, ZINC BENZOTHIAZOLYL MERCAPTIDE, 
DIBENZOTHIAZOLYL DISULFIDE, AS WELL AS THE ZINC SALTS 
OF THE FAT ACIDS 


Quantitative analysis of free sulfur.—To determine the sulfur in organic sol- 
vents the process suggested by Scheele and Ilschner-Gensch can be used?. 
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Here the sulfur, as usual, is converted to KSCN by KCN, and the thiocyanate is 
titrated conductometrically with silver nitrate after removal of the excess 
cyanide. Since we were able to simplify the process, we here describe it again, 
this time in more detail. A solution of sulfur in aleohol, which may be mixed 
with free solid sulfur, or a solution of sulfur in a mixture of alcohol and benzene 
1:2 (by volume) is treated with an excess of a 10 per cent solution of KCN® 
and boiled under reflux for 2 hours. To remove the excess cyanide, 2N acetic 
acid is added, the molar quantity of which equals that of the added cyanide, 
whereupon the solution is distilled in vacuo until dry. The residue is taken up 
with distilled water or alcohol and brought to a definite volume in a volumetric 
flask. Portions of this solution are titrated conductometrically with silver 
nitrate’. 

We found that the reaction of sulfur with potassium cyanide proceeds 
quantitatively, even at ambient temperature, if the reaction mixture is allowed 
to stand for 6 to 8 days. This is verified by the analytical results presented in 
Table VII. 


Tasie VII 


DeTeRMINATION OF SULFUR AS THIOCYANATE BY CONDUCTOMETRIC 
AgNO, 
Sample Theoret, 
Con- con- 
Milli- sump- sump- 
gram- Reaction Reaction tion in tion Deviation, 
ml. atom conditions solution ml. . % 
3.2 0.1 heated 2 hrs. 0.1 N AgNO; 0.99 . —1.0 
until boiling 0.995 . 


0.05 heated 2 hrs. 0.05 N AgNO, 0.995 : a | 
until boiling 1.000 j 0 
0 


0.1 kept at 20° C 0.1 N AgNO; 1.00 : 
or 192 hrs. 1.01 j 1 


0.05 kept at 20° C 0.05 N AgNO, 1.01 ; 1. 
or 192 hrs. 1.02 f 2. 


Determination of elementary sulfur in the presence of mercaptobenzothiazole, 
zinc benzothiazolyl mercaptide and dibenzothiazolyl disulfide.—Scheele and Il- 
schner-Gensch* have shown that when sulfur is determined as thiocyanate in an 
aqueous alcoholic solution and in the presence of mercaptobenzothiazole, 
through conductometric titration with silver nitrate, the sum of thiocyanate 
and mercaptobenzothiazole is obtained. But this is not always desirable be- 
cause the sulfur content is found only indirectly and a special quantitative 
analysis of the mercaptobenzothiazole is needed. If, however, one proceeds 
according to the method just described, an indirect determination of the sulfur 
is dispensed with; viz. when, after conversion with KCN and distilling off the 
solvent, the residue is taken up with water, the thiocyanate can be made to go 
into solution, but not the mercaptobenzothiazole which remains in the residue. 
The analytical results as shown in Table VIII confirm this. 

The zine benzothiazolyl mercaptide and dibenzothiazoly! disulfide in some 
cases had solutions of sulfur in alcohol-benzene added to them before conversion 
with KCN. Then the zine benzothiazoly!] mercaptide remains as a solid phase, 
mostly, due to its low solubility. In all experiments of this kind the residue 
was treated with water after termination of the reaction and distilling off the 


1.6 0 

0 
3.2 0 

1.6 0 

0 
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Tasie VIII 


DETERMINATION OF SULFUR AS THIOCYANATE BY CONDUCTOMETRIC TITRATION WITH 
0.1 N AgNO, THE PRESENCE OF MERCAPTOBENZOTHIAZOLE (M), Zinc Benzo- 
THIAZOLYL Mercaptipe (ZnM) or Disutrive (D8) 
Reagent consumed 


Sample 2 Deviation, 
mg. Additive l 


3.2 16.6 mg. M 


19.85 mg. ZnM 


16.7 mg. DS 


solvent. The results in Table VIII show that even in these cases only the 
thiocyanate is determined. 

Determination of elementary sulfur in the presence of the zinc salts of fat 
acids,—Since zine stearate and the other zinc salts of fat acids are often com- 
ponents of technical vulcanizates, we shall take up, also, the determination of 
sulfur contained in solutions in which these zinc compounds are found in addi- 
tion to the sulfur. For extraction of the uncombined sulfur from these vul- 
canizates, it is expedient to use a mixture of two parts of benzene to one by 
volume of ethanol. This mixture dissolves considerable quantities of sulfur, 
as well as the zine salts referred to above. 

If one proceeds, when determining sulfur according to the above method, 
the result shown in Column A of Table IX for argentometric titration will be 
values that are too low, even though the conversion to thiocyanate is accom- 
plished with excess KCN. A suggested explanation is that cyanide is used up 


TasLe IX 


DETERMINATION OF SULFUR AS THIOCYANATE BY ConpUCTOMETRIC TITRATION WITH 
0.1 N AgNO, IN THe Presence or Zinc Sars or Far Actps 


Reagent consumed 


A, without distilling B, after distilling 
off aleohol-benzene off aleohol-benzene 
Caled., Deviation, Caled., Deviation, 
Additive % ml. % 
10.0 mg j } —38.0 . +1.0 
zine formate —37.0 . +2.0 


10.0 mg 30.0 
zine acetate —30.0 


10.0 j AT! 42.5 
zine propionate —41.5 


10.0 m —5.0 
zine palmitate —4.0 


10.0 mg —8.0 
zinc stearate —7.0 


1025 
0.99 1.00 —10 
1.00 0.0 
1.005 +0.5 
3.2 0.99 1.00 ~1.0 
0.995 —0.5 
1.005 +0.5 
3.2 0.985 1.00 -1.5 
0.995 —0.5 
1.00 0.0 
Sample, 
mg. 
3.2 
0.99 
3.2 1.02 +2.0 ; 
1.03 +3.0 
3.2 1.00 0.0 
1.01 +1.0 
1.01 +1.0 
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in a side reaction. Whether or not this reaction involves potassium cyanide 
and the zinc salts remains undecided. The important thing is that precise re- 
sults are obtained when the alcohol-benzene mixture is distilled off previous to 
the reaction with KCN, the dry residue treated with alcohol, and the procedure 
completed, This can be seen from Column B in Table IX. 


SUMMARY 


Both the precipitation of mercaptobenzothiazole as a silver salt and its 
oxidation with an iodine solution to a disulfide may be utilized for quantitative 
determination. 

2. Zine benzothiazolyl mercaptide can be determined iodometrically, either 
directly or indirectly, after being cleaved by acids. 

3. Benzothiazolyl disulfide is determined as mercaptobenzothiazole after 
reduction with acidic stannous chloride solution. 

4. A procedure for the determination of a mixture of mercaptobenzothi- 
azole, zinc benzothiazolyl mercaptide, and dibenzothiazolyl disulfide is de- 
scribed. 

5. Experimental conditions are indicated, under which the quantitative 
determination of free sulfur is possible in the presence of mercaptobenzothiazole, 
its zinc salt, the disulfide, and the zinc salts of fat acids. In all cases the 
uncombined sulfur is determined after its conversin to thiocyanate by an 
argentometric conductivity titration of the thiocyanate. 
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THE STRESS-STRAIN BEHAVIOR 
OF NATURAL RUBBER * 


F. Horst 


Tue Lasoratory ror Hien Potymers, Untverstry of Marsuro, Germany 


During mechanical deformations of high polymers entropy changes as well 
as friction causes temperature rise. This temperature rise changes the shape 
of the relaxation spectrum with which the further trend of the stress-strain 
diagram is interrelated. The case of cold stretching indicates that the special 
phenomenon of necking cannot be explained without considering thermal 
effects. That is, purely mechanical considerations of the deformation behavior 
are inadequate. The extent of the influence of thermal effects upon the shape 
of the stress-strain diagram is discussed. An experimental study is possible if 
temperature changes of the sample are determined concurrently with the stress- 
strain diagram. An apparatus for this purpose is described. 


INTRODUCTION 


This treatment of the stress-strain behavior of natural rubber is based upon 


experimental and theoretical data on the cold stretching of high polymers 
gathered from work being in progress for some time at Marburg'. These in- 
vestigations indicate that deformation processes of matter should not be treated 
exclusively as purely mechanical phenomena though this is still being done. 

Especially in the case of natural rubber there exist very thorough analyses of 
these heat effects caused by deformation’. Their theoretical evaluation fur- 
nished the basis for the thermodynamic-statistical theory of rubber elasticity. 
This created the picture of a molecular mechanism which with new additions 
permitted the description of a host of details including those for stress-strain 
behavior’. However the relationship between the shape of the stress-strain 
diagrams and any particular deformation condition can only be explained if the 
actions of the deformational heat effects upon the course of the deformation are 
considered. 

In the following an attempt will be made to discuss the actions of the heat 
effects, in other words to examine the deformation processes as mechanical- 
thermal ones. Although there are, at present, no experimental results on hand, 
the expected consequences for the deformational behavior of rubber will be 
surveyed. Experimental work is in progress. 


REVERSIBLE AND IRREVERSIBLE PHENOMENA 


Deformation processes practically always contain plastic or viscous compo- 
nents besides purely elastic ones. The viscous types are caused by the irreversi- 
ble processes that always accompany friction. Energy dissipated in this case 


always ends up as heat which means that in every plastic or viscous deformation 

* Lecture given at the meeting of the Deutsche Kautechuk-Geeellechaft, June 6-9, 1956 in Hamburg, 
Translated for Cuemisrny Tecunovooy by Franz A. Regenass from Kautschuk und Gummi. 
Vol. 9, pages WT197-205, August, 1956. 
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thermal effects must be expected. But even if frictional heat can be disre- 
garded, thermal effects still are known to occur in any material, even in metals. 
They are especially prominent in rubber, provided the discussion is limited to 
solids’. Stretching will produce heat in a rubber sample and the return to the 
original shape is accompanied by cooling. Due to this fact, with which by 
the way the negative coefficient of thermal expansion of a stretched rubber 
thread is connected’, it is possible that even a purely elastic deformation does 
not have to be strictly reversible. Temperature differences within the sample 
and between sample and surroundings occurring during the deformation process 
cause heat currents and, therefore, irreversibility. The stress elongation of 
natural rubber is completely reversible only if it is conducted either strictly 
isothermally or strictly adiabatically®. 

Let us review some special cases. If natural rubber is elongated with com- 
plete heat insulation, that is, adiabatically, it will be at a higher temperature 
in the elongated state. Upon relaxation its temperature will return exactly to 
the initial value (reversible case). If, however, there is a net loss of heat at the 


Odiabatiscn 
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Fie, 1,—Schematic stress-strain diagram, adiabatic and isothermal. Hatched area is a 
Carnot’s cycle. Z stands for stress and Al for elongation. 


end of the elongation step, causing a reduction in stress-strain, the relaxed sample 
will follow a different stress-strain curve in return to the original state (Figure 
1). The recoverable mechanical energy during relaxation is therefore smaller 
than the energy spent for elongation in accordance with the area enclosed by 
the curves (case with irreversible components)’. 

If on the other hand the sample is elongated slowly and in increments so 
small that its temperature is equal to the ambient temperature during the 
whole process and if the relaxation is done equally slowly, then elongation and 
relaxation curves will coincide (reversible case). 

We recognize that the total amount of spent mechanical energy can be 
recovered during relaxation only if all processes are carried out either strictly 
adiabatically or strictly isothermally. All semiadiabatic (“polytropic'') proc- 
esses are necessarily linked to irreversible effects; these are caused by heat cur- 
rents originating from the temperature differences during deformation. At the 
same time it becomes evident that the strictly isothermal process can only be 
realized with sufficiently slow deformation due to the limited heat conductivity 
of the sample and to the limited coefficient of heat transfer, a subject to be 
considered later. 


isotherm 
al 


STRESS-STRAIN BEHAVIOR 1029 


In the case of gases the difference between adiabatic and isothermal deforma- 
tion is well known. The isothermal modulus of compressibility of a gas is 
identical to its pressure but the adiabatic modulus is larger by a coefficient 
k (k = “p/C,; ratio of the specific heats at constant pressure and constant 
volume). This increase corresponds to the temperature rise of the gas during 
compression. This is analogous to the fact that in adiabatically elongated 
rubber increased strain is attained due to temperature rise. Calculating the 


speed of sound from the formula e = VE/p a value too small is obtained when 
using E = p but the correct value is E = k-p. This knowledge of long stand- 
ing also proves that the mechanical phenomena of sound propagation is being 
modified by thermal effects and cannot be treated as a purely mechanical phe- 
nomenon. The temperature differences of the compressed (warmer) and the 
expanded (cooler) regions of a sound wave in a gas cause heat currents and 
therefore produce irreversible processes which become apparent as impedance 
(thermal impedance). 

The thermal effects of elastic strain are a common feature. Metals, for 
example, during elastic elongation within Hooke's limits cool down, though 
only very little. Therefore their thermal coefficient of expansion is positive. 
This also leads to a marked thermal impedance for vibrational strain due to the 
high heat conduction of metals. 

Thermal effects of highly elastic strain are necessarily caused by changes in 
entropy during elongation. Metals show a slight entropy increase during 
elongation. They possess a lesser degree of order in the elongated state since 
any deformation will generally reduce the symmetry of a crystal lattice. For 
natural rubber and for gases, on the other hand, entropy changes are very 
marked: In rubber the entropy decreases considerably with each deformation 
because of the statistical orientation of the polymer chains. In a gas, compres- 
sion decreases the entropy, expansion increases it. Consequently a gas will 
expand throughout the available space. To a first approximation the internal 
energy of a gas or of rubber can be neglected. Rubber-elastic force and pres- 
sure of the gas hence are merely the result of entropy changes. Therefore the 
ideal rubber elasticity is called a pure entropy-elasticity. In a metal or crystal, 
as solid materials in the strict sense, elasticity results from the fact, that the 
equilibrium distances between the individual particles or strained valency angles 
tend to return to their original positions. Deformation causes a great change 
of internal energy. The result is energy-elasticity’. 

In both cases, however, small changes of internal energy or entropy take 
part and cause the minute thermal effects in metals and crystals. 

Moreover, natural rubber is known to crystallize when elongated to a greater 
extent. The transition to the crystalline state now leads to still another heat 
effect, the liberation of heat of crystallization. Upon contraction the crystals 
melt and consume the same amount of heat. This heat effect of crystallization 
will also influence the stress-strain diagram. One can estimate that for greater 
deformation it will have the same order of magnitude as the normal entropy 
effect of the statistical orientation (see the later discussion on this point). 

Elongation accompanied by crystallization can also be made to be strictly 
reversible, provided it is properly carried out. But since the formation of 
crystals requires more time, the rate of this type of reversible processes will 
have to be different. 

Plastic? and frictional components have been disregarded so far. Let us 
first deal with the case in which permanent deformation does not occur (for 
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plastic components see cold stretching). Thus we limit our observations to 
material which after deformation returns exactly to its original state (e.g., 
vulcanized stock). During elongation considerable rearrangements of the 
molecular chains will necessarily occur”. These can only occur by overcoming 
internal friction. The energy dissipated by friction is proportional to the 
speed of rearrangement and consequently to the rate of elongation. 

Thus, in any rubber these frictional components can be kept arbitrarily low, 
provided the rate of deformation is sufficiently slow. The term “sufficiently 
slow’’ however is of variable meaning. The micro viscosity of a common soft 
rubber is so small that an elongated sample snaps back almost instantaneously 
upon release. However, we also know high polymers that return only very 
slowly, but exactly, to the original state. In these creeping materials the inter- 
nal viscosities are correspondingly high. They might be called rubbers with 
very high time constants. For soft rubbers a deformation rate of a few cm. 
per second could mean a sufficiently slow deformation, yet for a creeping rubber 
a rate of 0.001 cm. per second could be excessive. If such a creeping rubber is 
elongated at a rate of several cm. per second considerable amounts of frictional 
heat are created. The forces required are several times the order of the elastic- 
ity forces that would agree with the entropy-elastic mechanism. Thus the 
rapid deformation of a creeping rubber requires a force as large as for a solid 
material, while a very slow deformation requires a force as small as required for 
a normal rubber. 

This type of consideration concerning the interrelations of rate of deforma- 
tion and deformational forces as well as the frictional heat connected with de- 
formation is part of problems dealt with in the mechanical relaxation theory". 
Every material has a certain relaxation spectrum, which, in the most simple 
case, is a definite, characteristic, single time constant. Under periodical load 
its behavior is thoroughly different depending on whether the load frequency 
is high or low in comparison with the reciprocal relaxation time. Equal de- 
formations are achieved with small forces at low frequencies as with big forces 
at high frequencies. For low frequencies the material is soft, for high ones it is 
hard. In the transition zone, where the frequencies are comparable to the 
relaxation time, there exists strong phase shifting between deformation and 
force (mechanical loss angle, high mechanical impedance). 

These now so-modern considerations of “dynamic behavior" have an analogy 
in the deformation at different rates: high rates of deformation correspond to 
high frequencies, low rates to low frequencies; yet the mechanism is not quite 
as easily and clearly formulated due to the nonlinear effects playing a part in 
the uniform deformation”. But this gives us a means to understand the differ- 
ence in behavior of a creeping, slow rubber and a normal, snappy one: the char- 
acteristic time constant of the creeping rubber has a vastly higher value. There 
is no difference of deformational behavior of the two rubbers if both are de- 
formed very slowly, and there is also no difference if both are deformed very 
rapidly. In the first case the entropy elasticity is dominant—the rubber- 
elastic mechanism—in the second case energy-elastic processes dominate—the 
material is solid. Variable only is the rate which is characteristic for the 
transition, that is, for the dispersion of the elastic behavior. It is high for 
ordinary rubber and considerably lower for creeping rubber. 

Accordingly we can convey general consequences which are well known 
from the theory of the relaxation phenomena: one fundamental consequence 
lies in the fact that with every dispersion of the Z modulus there is intimately 
connected a loss mechanism which causes a large heat production within the 
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region of the dispersion interval. This heat production remains strong for 
increasing frequencies at constant amplitude. At frequencies that are low in 
comparison with the dispersion frequency the heat production becomes arbi- 
trarily low. This means that a rubber with creep resiliency can produce con- 
siderable heat at a deformation rate which will not cause heat losses in a rubber 
of high resiliency. (An ideal rubber should not have any internal friction 
whatsoever.) An estimate reveals that even in soft rubbers quite finite rates of 
elongation still produce noticeable heat effects which are equal in magnitude 
to those from a change in entropy and from a possible crystallization (see more 
on this later). 

An additional experience from the field of mechanical relaxation shows that 
there is found practically never a behavior which can be explained from one 
single relaxation time, Every material has a relaxation spectrum corresponding 
to a number of different rearrangement mechanisms. Accordingly, it is to be 
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Fico. 2.—Relationship between dielectric loss angle, In 410-7, and temperature for a polyamid of sebacic 
acid and hexane diamine as a function of the degree of elongation. 


expected that the stiffening of a rubber, in relation to the rate of deformation 
and to the frictional heat created in this process, will also be spread over a wider 
rate interval. 

Finally, the characteristic relaxation times of a material shift markedly with 
the temperature. Every soft rubber, if cooled sufficiently, changes into a rub- 
ber with great internal friction and eventually solidifies to a glassy state. It is 
likewise possible to change a creeping rubber into a normal rubber by increasing 
the temperature’. 

Since the mechanical behavior of a material depends upon the distribution 
of the relaxation times, it follows that thermal effects during deformation must 
exert great influence upon the stress-strain diagram, that is, upon the further 
deformation. Thereby it is immaterial whether the thermal effects are caused 
by friction or by the adiabatic or polytropic carrying out of the deformation 
process (that is, with respect to reversible entropy effects). Complicating the 
matter is the new observation that a relaxation spectrum of a material can 
change greatly also as a function of the extent of elongation". 

The strictly phenomenological theory of relaxation on the basis of the 
thermodynamics of irreversible processes postulates the existence of two sys- 
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tems of relaxation times, namely, an adiabatic and an isothermal system. This 
corresponds exactly with the above mentioned fact that is of influence upon the 
behavior whether the process is adiabatic or whether it is isothermal. Thus 
it becomes fully evident, even in the general theory of the relaxation behavior, 
that the study of the mechanical behavior, and therefore also of the stress- 
strain behavior, is possible only if the resulting reversible thermal effects are 
also taken into account. This fact is usually neglected in investigations of 
dynamic behavior". 

Let us summarize as follows: heat effects during mechanical deformation 
are caused by two facts. One is, that the change of a system from the un- 
stretched to the stretched state is strictly never possible without a change in 
degree of order and a change in degree of order means a change of entropy. 
This being the case, it must be defined in what manner with respect to heat 
utilization the process is being conducted. If the system is heat insulated, the 
temperature of the material changes during the process, but the process is 
strictly reversible. If conditions of complete heat exchange exist, the tempera- 
ture stays constant and the process again is reversible. Nevertheless the stress- 
strain diagrams for the two processes are not alike (Figure 1). If no care is 
taken to conduct the process under one of these conditions, the resulting tem- 
perature differences cause heat-currents in such a manner that the process will 
contain irreversible components. Every polytropic deformation necessarily 
leads to irreversible components which have an effect upon the relations between 
force and elongation. 

Secondly, friction energy has always to be spent for the rearrangement 
provided the deformation is not extremely small. This friction energy increases 
proportionally to the rate of deformation and disappears completely only when 
the rate of deformation approaches zero. It is always an irreversible loss and 
it increases indefinitely whenever the rate of deformation surpasses certain 
characteristic values which depend on the material and temperature and the 
relaxation times of the various mechanisms. The production of frictional heat 
therefore depends not only on the rate of deformation but also on the relaxation 
spectrum. Complicating are the facts that all effects causing temperature 
changes influence greatly the relaxation spectrum and that the latter also 
varies with the deformation. 


COLD STRETCHING 


Many high polymers can be cold stretched in the solid state. In other 
words, with sufficiently great forces they can be deformed without being heated 
to the softening temperature. Except for a small part the deformation is 
plastic’*. Cold stretching is a well known technical tempering method; it in- 
creases elasticity, rigidity, and flexibility. An outstanding feature of this type 
of deformation is that in many cases the stretching occurs in a different man- 
ner than in a thread of natural rubber, which expands uniformly over its entire 
length. Cold stretching causes necking of a single area (Figure 3). Thus, 
during the deformation there are parts within the sample that are almost com- 
pletely oriented while others are not deformed at all (Figure 4). Upon further 
elongation the amount of deformed area increases steadily. When all the ma- 
terial is stretched to the limit of elongation, plastic deformation ceases and 
the behavior becomes purely elastic until the breaking point is reached. 

For a long time this strange phenomenon of necking was a puzzle. Our 
investigations now prove that this behavior of neck formation is fully under- 
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Fie, 3.--Neck formation in a polyester thread. On the left: unstretched, on the right: 
stretched. Enlarged’. 


stood only if the thermal processes during deformation are taken into account. 
The stress-strain behavior in this case can definitely not be conceived as a 
purely mechanical process. This, then, is the reason why previous studies by 
other investigators did not lead to an explanation of the necking phenomenon. 


In cold stretching most of the deformation energy is used up irreversibly. 
Therefore the situation is completely different from that in natural rubber where 
the irreversible component is only a correction, though an important one. 
Since, however, all transitions are possible for the approach of the cold-stretch- 
ing temperature to the softening temperature, the cold-stretching process is 
so instructive as part of the deformation processes of high polymers that it has 
to be briefly outlined here. 

Cold stretching, by definition, is carried out on the solid sample below its 
softening point. It is a predominantly plastic deformation and the extent of 
deformation is usually stable. If, however, the material is heated to the soften- 
ing temperature it snaps back into its original state with rubber-elastic resili- 
ence'*, A small portion of the stress-strain energy thus is recoverable. It 
corresponds to the difference of the free energies of the deformed and the 
original state of the material and in certain cases it can be calculated with 
sufficient approximation with the aid of the thermodynamic-statistical theory 
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Fic. 4.—Schematic ure of s partially stretched sample. Filiess-Zonen means flow zones; verstreckt 
stretched and respectively. 
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of rubbery elasticity. But what is more remarkable, this recoverable portion of 
energy can be determined experimentally. 

Let us study polyvinyl chloride, an amorphous high polymer” that can be 
cold stretched. The energy spent to elongate the material to the limit is 18 
cal, per g. at 20°C. The reversible portion that is recoverable as work during 
contraction is 2 to 3 cal. per g. It could be determined from measurements of 
the specific heats of stretched and of unstretched material (the former did con- 
tract as soon as it was heated to the softening temperature). The difference 
of the two values is equal to the dissipated energy. In analogous cases it 
amounts to between 70 and 90 per cent of the total deformation energy. The 


Tape I 
EnerGy ror PVC 
Temperature, Total stretching Irreversible 
portion, cal./g. 
20 16 
51 oft 3 
76 d 0 


closer the temperature gets to the softening temperature, the smaller this ir- 
reversible portion becomes (Table I) and within the softening interval it disap- 
pears altogether even at low deformation rates. If the specific heat is known 
from independent experiments, a calculation reveals that the irreversible por- 
tion is usually just enough to heat the material from the initial experimental 
temperature to close to the softening point. Examples are given in Tables II 
and III, Table III giving the calculated attained temperatures without sub- 
tracting the reversible portion. 

The deformation energy was determined from the stress-strain diagrams. 
A typical stress-strain diagram for the case of an elongation with a flow zone is 
illustrated in Figure 5. The overtension at the outset portrays the energy 


Taste Il 
Amounts oF ENerGy AND TEMPERATURE Rise 


Material: Chlorinated PVC 
Rate of elongation: about 0.1 mm. /sec. 
Time of stretching until solidification: 3 to 10 minutes 


Total mechanical deformation energy at 20°C KE = 17.8 cal./g. 
Change in free energy AF = 2-3 cal./g. 
T 70°C Cp = 0.22 cal./g./° C 
E AF =C,T a? ~70°C 
T catcutatea = 90° C; experimental softening temperature = 80° C. 


required for the formation of the flow zone. The tension remains constant while 
the flow zone travels across the sample until it is fully stretched. One may 
truly wonder whether the temperature rise calculated in such a manner is of 
any realistic meaning. It might be suspected that in the flow zone proper 
considerably higher temperatures occurred. 

Of course, it has been well known for a long time that the usually rapid 
technical stretching did create heat. However, the question was whether a 
temperature rise could be demonstrated for the very slow deformation rate 
used in our experiments with polyvinyl chloride. The deformation rate was of 
the order of between 10~* to 10~-* cm. per sec. Thus the stretching of a 2 cm. 
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Taste III 
EXAMPLE OF AN EXPERIMENTAL Serres wirn PVC 


Relation between temperature and stress as well as the theoretical final temperature 
— from the stretching energy (the reversible portions were not deducted in the 
tter case). 


Caleulated 
final temperature, 
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sample to twice its original length required at least two minutes. Therefore 
an overall temperature rise of the part being stretched could not be detected 
even by carrying out the experiment in air. Yet, thermocouples placed upon 
the samples revealed that a temperature change in the migrating flow zone was 
noticeable (Figure 6). A very much refined temperature measurement carried 
out with the aid of a detector of extremely small heat capacity disclosed con- 
siderably higher temperatures. In this refined method certain fluorescent sub- 
stances were utilized whose intensity of fluorescence at constant rate of irradia- 
tion diminishes with increasing temperature. Each single granule of the 
fluorescent substance represents a heat detector (method originated by P. 
Brauer). Evidently this method does not furnish true values either (Figure 
7). The zone that actually is at softening temperature is probably only a 
tenth the width of a granule of the fluorescent substance and the zone passes 
over a single granule in the very short time of 1/1000 second. Even with the 
best possible heat transfer the granule cannot reach the actual temperature 
peak', 

These experiments prove that the calculation of the softening temperature 
from the irreversible portion of the deformation energy and the specific heat 


Fic. 5.—Schematic stress-strain diagram for cold stretching. Note the slope of the curve before the stress 
reaches a steady state. Z means stress and A/ elongation. 
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does not represent a mere arithmetical value, but that temperature rises of 
comparable size actually occur at least during deformations accompanied by 
a flow zone. It may be said that during such a cold stretching with neck 
formation the material is remelted from the nonstretched into the stretched 
state by a hot flow zone migrating across the sample'. There is an additional 
important observation: A flow zone is formed only if, at a given temperature, a 
material is stretched with a certain minimum rate of speed. The closer the 
stretching temperature is to the softening temperature, the higher is this mini- 
mum rate. Below the minimum rate an homogeneous deformation is observed, 
analogous to the deformation of natural rubber. The transition is by no means 
sharply defined. It is spread over 1.5 to 2 decades of the rate value and over 
a narrower, but still pronounced temperature interval at constant rate. There 
exists a clear analogy to the mechanical dispersion and further investigations 
in this field are surely promising. 


at 


v =15-107 cm / sec 
15 v= 095-10" cm/sec 
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Fic. 6.-~-Temperature rise-time curve on the surface of a PVC sample during cold epee at two 
th 
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temperatures and two rates of stretching. The flow zone travelled across a thermocouple lying on the sheet. 
The temperature rise observed is _~ slight because of poor heat contact and high heat capacity of the 
thermocouple (according to K. Jackel), Note the asymmetric course of the curves. Zeit means time. 


If we now want to define the consequences” to which these observations 
lead, then it is essential to remember that the course of reactions is often con- 
trolled by limiting principles. Applied to the present case this would mean 
that the stretching process always occurs in such a manner as to keep as low as 
possible the energy spent per unit mass for a change from the unstretched to 
the stretched state. Only the portion of irreversibly dissipated energy can be 
minimized. The reversible portion is a fixed datum determined by the differ- 
ence in orientation state. For irreversible processes in the stationary case the 
entropy has to become a minimum according to the theory of irreversible ther- 
modynamics. For constant temperature this means the same as the minimal- 
ization of the dissipated energy to be spent. 

Let us now consider the deformation of the material at a low temperature. 
Here the stretching energy is spent mostly to overcome the extremely high 
internal friction. If, however, the material were preheated to a temperature 
within or above the softening interval, the frictional forces would be reduced to 
a comparatively negligible amount. The energy to be spent now is represented 
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tion of energy. 
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by the energy used to heat the sample, for, the subsequent cooling to the start- 
ing temperature after stretching has occurred is a dissipation of energy equal 
to the energy required for heating. Thus the energy expended for hot stretch- 


ing goes into the supply of the necessary energy for heating instead of being 
used to overcome the internal friction. 
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Fic. 7.—The same as in Figure 6, but for a polyamid and measured with a temperature dependent 
phosphor. Rate of elongation for a 1 mm. per sec., for b 8 mm. pr sec, Solid line: Measured values ; 
dotted line: Theoretical supplement (according to P. Brauer and F. H. Miller), Abscissa, mm. on the film. 


During an elongation with a flow zone the whole mass of the sample is 
obviously heated to the softening temperature, but only one small part at a 


The rearrangement occurs essentially in the heated zone and therefore 


Yet, because of the overheating of 
the flow zone, heat currents occur that correspond to an irreversible consump- 


If heat is transferred to the unstretched part, it is not wasted, 
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for it is used to soften just those zones which are next in line to be rearranged; 
but if the heat flows toward the stretched part it is lost energy. These heat 
currents cause a dissipation of energy which is higher the longer the tempera- 
ture gradient has to be maintained. Thus the process uses up more energy 
the lower the rate of stretching. But, on the other hand, the frictional dissipa- 
tion rises proportionally to the rate and is therefore smaller the lower the rate 
of stretching. 

From all this the following conclusions are drawn: At a low rate of deforma- 
tion it is advantageous to allow the material to remain at the most uniform 
possible low temperature and thus to restrict the dissipation of energy (entropy 
increase) to the energy needed to overcome the high internal friction. At 
higher rates of deformation, on the other hand, it is more advantageous if a 
high-temperature zone develops, thus reducing considerably the frictional 
energy. Since the stretching is carried out at a fast rate this reduction in 


Fic. 8.—Entropy increase, S = entropy, (at constant temperature equal to dissipated energy) dusting 
transformation of the mass of material from the unstretched into the stretched state as a function of rate . 
elongation. Note that beyond a critical rate of elongation (Ai krit,) the total Sastgsten of ener; 


smaller in the case of a heterogeneous deformation and vice versa (according to Ad. Engelter and H 

Miller). Abscissa, Ai, is rate of elongation. hom. means homogeneous; het. means heterogeneous ; 
mt means total; Reibung het. means friction heterogeneous and firmediss, het. means heat dissipation 
rogeneous. 


entropy increase now will not be nullified by dissipation through conductivity 
which is favored by long lasting temperature gradients. This is represented 
schematically in Figure 8. There the increase in temperature originates from 
the deformation energy, partly through entropy-elastic heat effects, partly 
through friction. 

From this it is clear why at sufficiently high rates elongation with a flow zone 
is favorable in respect to energy use (retention). The exponential relationship 
of viscosity to temperature causes this critical rate to be a function of the differ- 
ence between elongation temperature and softening temperature. 

Evidently cold stretching represents an example as to how a sofar completely 
unexplainable phenomenon as the neck formation during stretching can be 
understood only by considering the thermal effects as well as the mechanical 
ones. 

If heat conductivity plays a part, there must be relationships between the 
course of the process and the geometry, as well as the dimensions of the sample, 
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besides relationships to the heat loss into the surroundings. Experiments 
actually show that the stress-strain diagrams depend on the shape of the cross- 
section (ribbon or thread) and the dimension of the sample, as well as on the 
cooling conditions. Effective cooling causes greater expenditure of energy and 
just this has been observed in comparing elongations in air and under water. 
If the influence of the water as a swelling agent were the determinative factor 
the elongation energy would have to decrease in the experiments under water™. 

The theory outlined here is only a first approximation, but it gives rise to 
some further general ideas concerning the influence of the heat effect during 
stress elongation. For, it was found that in the homogeneous case in the 
proximity of the critical rate a material like PVC must exhibit a temperature 
rise (homogeneous) of a few degrees above the temperature of the surroundings. 
This is the case in spite of the very low deformation rates (elongation of the 
sample to twice its original length within 5 minutes). Because of the marked 
dependence of viscosity on temperature, there is thus a considerable temperature 
effect upon the stress-strain diagram. 
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Fie. 9.—Schematic diagram of a homogeneous elongation with temperature adjustment. The solid line 
represents measured values, Z = stress, Al = change in length. 


For a long time we could not understand why the stress-strain diagram 
typical for cold stretching did not change its characteristics when the stretching 
changed from one accompanied by neck formation to one without neck forma- 
tion. An accurate discussion of just this small rise in temperature lets us rea- 
son as follows: The overtemperature regulates itself over a wide range in such a 
manner as to keep the stress constant (Figure 9)". Upon more accurate 
analyses of stress-strain diagrams we detected further that there is a small 
difference in the diagrams of PVC after all. It consists in the fact that after 
the initial maximum in the case of necking the stress reaches the stationary 
value over a minimum, while in homogeneous stretching it reaches the station- 
ary value asymptotically from above (Figure 10). We are still occupied with 
clarifying these details in the stress-strain diagrams through additional experi- 
ments and by increasing the experimental data. The experiments offer con- 
siderable difficulties not only because of the inhomogeneity of the material but 
also because of technical reasons. Besides having to perform measurements of 
spot forces one has to use unprofiled samples in order to prevent blurring of 
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characteristic points in the stress-strain diagram. The clamping of the samples 
too is difficult. 

Conclusions concerning natural rubber.—For natural rubber itself there is 
very little experimental data available in our laboratory. More pronounced 
influences of thermal phenomena upon the deformational behavior are to be 


a, 36-10 cm’ 
= 276-10" cm/sec 


Fio. 10.—Series of curves for PVC. The curve 67.7° C shows a barely visible minimum just before 
reaching stability after going through the stress-force peak. The transition from heterogeneous to homo- 
geneous is at just this temperature (measured by K. Jackel). Z = stress ing., Al = change in length in cm. 


expected especially for temperatures close to the lower limit of rubber elasticity. 
This may be clarified by a characteristic cold-stretching diagram (Figure 11). 
But a part of the time effects in the stress-strain diagrams of natural rubber at 
ordinary temperatures may well contain considerable portions of thermal phe- 
nomena besides viscous portions (Figure 12). If one estimates the ratio of 
frictional to elastic energy of a soft rubber at an elongation rate of 100 cm. per 
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Fig, 11.—Stress-strain diagram of natural rubber. The coordinates 
are exchanged with respect to Figure 5. 


second for a sample of 5 cm. (the sample is elongated by 400 per cent within 
0.2 second) one obtains a value of between 10 and 40 per cent depending on the 
value chosen for the micro viscosity. The temperature rise caused by the 
entropy effect is several degrees C (about 6-7°) providing complete heat insula- 
tion and a temperature measurement with an indicator having no heat capacity 
of its own. The additional temperature rise caused by friction can be as high 
as 3°. If the sample crystallizes partly (to about 30 per cent) during the 


elongation, the liberated heat of crystallization causes an additional temperature 
rise of 3-4°. In the elongated state, therefore, the temperature of the sample 
can be considerably above the starting temperature. With efficient heat dis- 
sipation (bonding of special sample form to steel) a considerable portion of the 
hysteresis might therefore be caused by thermal loss. 

The heat effect, the heating as well as the cooling, caused by entropy reduc- 
tion occurs instantaneously. The heat effect of viscous mechanisms becomes 
perceptible instantaneously but contrary to the entropy effect repeated elongat- 
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Fia. 12.—Tension-elongation curves of natural rubber at room temperature. According to L. Hock and 
H. Bostrém, Gummi-Ztg. 41, 1112 (1927). Abscissa is elongation and the ordinate is stress. 
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ing and releasing causes a steady increase of the temperature. The heat of 
crystallization on the other hand is liberated at the same rate as crystallization. 
This rate is certainly a finite value, thus causing the cycle of liberation of heat 
during crystallization and the absorption of heat during melting to lag behind. 
In our opinion this could explain the lobe form of hysteresis curves (see Figure 
12). 

Thus it is to be expected that a study of stress-strain diagrams at varying 
rates of deformation and heat dissipation will be a means to separate the indi- 
vidual effects. This kind of studies will be the first part of our future experi- 
ments. It would be useful to measure concurrently the stress-strain curves 
and the concomitant heat effects. 

For this purpose Engelter in the Marburg laboratory developed a registering 
apparatus which operates on the principle of an air thermometer with electronic 
compensation and which measures primarily heat currents. Hence it permits 
conclusions to be drawn concerning the pattern of temperature differences be- 
tween sample and surroundings as a function of time during heating as well as 


Eichur “rott 


Eichucg Warme 


Fig. 13.—Tracing for polyurethan (60 mm. long, 1 mm. diameter) Z = stress as a function of time; QO = 
Heat flow from the sample as a function of time. The time scale is 60 seconds per line. At the end of the 
Z-curve stress relaxation is complete with permanent removal of the load. The heat standardization 
furnishes a measure for the time constant of the apparatus. This permits the elimination of the heat flow 
distortion, Eichung Kraft means tension standardization and Fichung Warme means heat standardization. 


during cooling. Integration of the curves gives heat changes of any process, 
whether they are positive or negative. Figure 13 gives a curve obtained for a 
polyurethan whisker during cold stretching. The apparatus needs to be re- 
sponsive to minute amounts of heat and therefore it possesses a relatively large 
time constant (about 10 seconds); the sample used is small (0.2 to 0.5 g.). The 
quantities of heat to be measured are correspondingly small (0.2-1 cal.). The 
sensitivity is 1/10,000 cal. and the accuracy about 5 per cent. 

A combination of measurements of the stress-strain diagram and of the 
concomitant heat effects under homogeneous stretching with simultaneous 
separation of the elastic portions of deformation and the reversible portions of 
heating from the plastic or irreversible ones by intermittent returns to the 
original state should yield further insight into the deformational behavior. 
In cold deformation the irreversible energy will dominate, in rubbery deforma- 
tion the reversible portion. The investigation of the transition between the 
two limiting types of processes will certainly be possible with suitable materials. 

In an early stage of the discussion about cold stretching and the stress-strain 
diagram efforts were made to introduce corrections into the rearranged Hooke 
law equation analogous to the van der Waal corrections of the ideal gas laws. 
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The corrections were to permit the explanation of the S-form and/or the so 
called constant region of stress during stretching”: 


Al 
Z = stress; : a relative elongation 


The correction 6’ corresponds to the volume correction in the gas law. It 
means plainly that any net with a certain mesh size possesses a finite maximum 
extensibility. The stress correction a’ is closely connected with the interaction 
of the chains, again in analogy to the gas law. If at first the stretching has 
produced a certain statistical parallelism of the chains the interactive forces 
then cause them to snap completely into crystallite layers. They favor further 
orientation similar to the condensation to liquid of gas molecules which is caused 
by interactive forces setting in after a critical compression is reached. 

At the time it seemed quite surprising that a comparison of the corrections 
a’ and b’ with values expected on the basis of this molecular model gave a 
rather good correlation. This was the case although such reasoning should be 
valid for a reversible process only. While for a gas the simultaneous presence 
of gas and liquid represents a true coexistence of two phases in equilibrium, it 
is not feasible to call stretched or unstretched material phases nor can their 
coexistence be interpreted as an equilibrium; the process is too irreversible. 
At first the model was considered at least approximately suited for the cold- 
stretching process as a “strongly inhibited equilibrium’. Subsequently the 
quantitative values for reversible and irreversible portions of the elongation 
energy suggested a completely different analytical viewpoint, suited for ir- 
reversible processes. 

For investigations in the transitional region toward temperatures close to 
the softening interval it might be useful to take up anew the discussion of this 
model, besides carrying on the ideas put forth in Figure 9. This should be true 
to even a higher degree for rubber at high elongations since the concomitant 
crystallization, although somewhat lagging, is fully reversible. 


REFERENCES 


1 Miller and Jackel, Kolloid-Z, 129, 145 (1952); Miller and Brauer, Kolloid-Z. 135, 65 (1954); Jackel, Kol- 
loid-Z, 137, 130 (1954). 

2 Hock “Handbuch der Kautechukwissenschaft"’, Leipzig, Hirzel, 1930, ‘Physik des Kaut- 
schuks”’. 

Treloar, “The Physics of Rubber Elasticity’, Oxford, 1949. 

‘Solid materials are defined as those possessing permanent form, no matter how large the forces necessary 
for their deformation. 

* According to the principle of Le Chatelier-Braun the increase with rising temperature of the modulus of 
elasticity, the heat created by stretching, and the negative coefficient a thermal expansion are all 
interconnected phenomena. The same holds true for the decrease of B-modulus with rising temper- 
ature, cooling during elongation, and the positive coefficient of expansion. Heat effects are thus 
particularly pronounced, the more the soodidias of elasticity changes with rising temperature as for 
rubber or gas. 

* Frictional heat has been neglected here. 

’ This is a cyclic process after Carnot. The reversal of this process with introduction and removal of 
thermal energy at the right place creates a heat engine. It is known that Wiegand has constructed 
two such heat engines using natural rubber in the driving mechaniem. Hock in Memmler's ‘ Hand- 
buch der Naturwissenschaften"’, Leipzig, Hirzel, 1930, page 460 

MGller, “Physik der Hochpolymeren”’, Physik. Bl. 9, 154, 199 (1953) 

* Plastic portions here means permanent deformational portions in solid material that are connected with 
- ig and especially in the case where a certain flow-tension has to be overcome in order to create 
them. 

” This is also true for the Hookean region of entropy elasticity. In the case of energy-elastic strain, on the 
other hand, we deal in Hooke’s law region only with changes in distances and angles that are so 

minute that they occur practically instantaneously and without friction. 


= constant 


1044 RUBBER CHEMISTRY AND TECHNOLOGY 


“The Relaxation Behavior of Matter’, Kolloid-Z. 134 (1953). (Report on the second Marburg Conven- 


tion.) 

“The Solid Btate of High Polymers’’, Kolloid-Z. 129 (1951), Discussion from page 113 to page 119. 
(Report on the first Marburg-Convention.) 

* Reinvestigations proved that also the relaxation spectra can vary greatly with elongation. This new 
knowledge influences the study of large deformations. In Figure 2 this is shown fora polyamid for 
the example of the temperature dispersion of the dielectrical losses. There is not only a change in 
the strength of already existing relaxation mechanisms but there appears around 0° C a completely 
new mechanism that had not been present in the case of undeformed samples. Dielectrical and me- 
chanical spectra are almost fully correlative so that conclusions reached for them can be transferred 
directly to the mechanical spectrum. Miller and Huff, Kolloid-Z. 145, 157 (1956); 147, 83 (1956). 
Ph.D. thesis by K. Huff, to be published shortly in Kolloid-Zeitachrift. 

“J. Meixner, see footnote 11. 

‘* The necessity of replacing the isothermal compressibility by the adiabatic one in calculating the speed of 
sound in gases is closely related to the existence of isothermal and adiabatic spectra of relaxation 
tume 

* That is, after passing the flow limit the material starts to deform with a certain viscosity and after being 
released it will not —_ ite original state. 

Preston, “Fibre Science’, Manchester, 1949, p. 76. 

* This is not always true, but the considerations remain valid for this case too, although the determination 
of the recoverable portion becomes more difficult. 

* For a long time it was held’, that cold stretching causes the material to change into the crystalline state 
and that this barred amorphous high polymers from this type of study. It became evident, how- 
ever, that the crystalline portion changes only little or not at all during cold stretching. 

* Lecture in Aachen, October 1955. To be published shortly in Kolloid-Zeitachrift. 

Unpublished studies 

= This meant the extension of a formalism and was tried out earlier by Hermanne for the volume correction 
b’. Hermanne, Tertile Research J. 19,61 (1951). Compare: Miller, Kollowd-Z. 114, 59 (1949) ; 126, 
65 (1952), Makromol. Chem. 9, 97 (1953). Extrait des Comptes Rendus de la 2+ Reunion de 
Chimie Physique (2-7 juin 1952, Paris) L’Etirage of Froid Considéré comme un Equilibre des deux 
“Phases”, Convention: ‘‘Changement des Phases"’. 


BEHAVIOR OF RUBBER IN COMPRESSION 
UNDER DYNAMIC CONDITIONS * 


H. McCauuion, D. M. Davies 


INTRODUCTION 


At first sight, it would appear that previous investigators', have dealt fully 
with the main variables affecting the behavior of rubber. For instance, many 
publications have dealt with the effects of such variables as frequency, ampli- 
tude of deformation, and temperature. A closer examination of these publica- 
tions, however, brings out the fact that no attempt has been made to keep the 
amplitude of deformation constant in any of the previous investigations into 
the effect of temperature at low temperatures. It is important that the ampli- 
tude of deformation should be kept constant, since both the stiffness and hys- 
teresis energy absorbed per cycle depend on its value. It does not appear that 
work has been published on the frequency dependence of the hysteresis energy 
absorbed per cycle at low temperatures, nor even on how the hysteresis energy 
absorbed per cycle varies with temperature. For these reasons alone, the main 
investigation was initiated, and the results are presented to show the effects of 
frequency, temperature, and amplitude of deformation on the dynamic proper- 
ties of rubber. 


Notation 


A Material constant. 
a Strain amplitude. 
Strain. 
Material constant. 
A material characteristic, constant over limited time ranges. 
Stress. 
Time at which stress is noted. 
Time at which change of strain occurs. 
Circular frequency. 


APPARATUS 


The testing machine used in this investigation was that described by Davies?. 
It was simply a machine for applying a deformation, which varied sinusoidally 
with time, to a system comprising a rubber test-piece in series with a steel spring. 
The sinusoidal motion was obtained by means of an eccentric turning in a yoke 
which was free to execute vertical motion only. The eccentric was driven by 
one of four DC motors according to the speed required, and the eccentricity 
was infinitely variable between zero and 0.125 inch. Between the yoke as- 
sembly and the spring the test-piece was compressed. The force on the rubber 
was measured by the spring which was in the form of a suitably shaped en- 
castré beam. The angular rotation of the point of contraflexure of the beam 


ee Reprinted from the Proceedings of the Institution of Mechanical Engineers, Vol. 167, No. 57, pages 
1125-1140 (1955). 
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was directly proportional to the force on the test-piece. This rotation was 
converted into approximately linear motion by rigidly attaching one end of a 
light pointer to the point of contraflexure of the beam. The free end of this 
pointer moved in a circular arc, but for small displacements this are approxi- 
mated to a straight line. A scriber attached to the free end of the pointer re- 
corded the movement on a smoked glass slide which was carried in a holder 
attached to the reciprocating yoke. Thus a miniature autographic record of 
force versus deformation was obtained which could be enlarged by projection. 
This record took the form of a hysteresis loop of roughly elliptical shape. To 
orientate the loop relative to its axes, it was necessary to introduce a stationary 
pointer which scribed a single line on the smoked glass while the hysteresis loop 
was being recorded. 

The glass slides were prepared by a method due to Eldredge’. A fairly dense 
layer of soot from a candle flame was deposited on one side of each of the glass 
slides. Paraffin was then allowed to seep through the layer of soot and, finally, 
the slide was dipped in carbon tetrachloride and allowed to dry. Each slide 
was again wetted with paraffin immediately before use. The scribing points 
were pieces of steel wire cut at an angle. These gave lines which, when magni- 
fied sixty times, were still thinner than the average pencil line, and the perform- 
ance of these steel points was excellent even after a thousand loops. 

Details of test-piece.—The test-piece used in the main investigation was a 
cylinder, 0.5 inch in diameter by 0.5 inch high, of the following gravimetric 
composition : 


Smoked sheet 

Stearic acid 

Pine tar 

Lamp black 

Zinc oxide 
Pheny]-2-naphthylamine 
Sulfur 
Mercaptobenzothiazole 


Vulcanization time at 140° C was 25 minutes. 


TEMPERATURE CONTROL 


The temperature of the test-piece was controlled by conducting heat to or 
from the ends by means of copper strips. The ends of the copper strips dipped 
into a heating or cooling bath which was constructed so that under the worst 
conditions (that is, at the extreme ends of the temperature range) the rate of 
change of temperature was not greater than 1° C per5 min. The dimensions of 
the copper strips were adjusted by trial and error until the temperature at the 
ends and center of the test-piece agreed to within 0.5° C over the temperature 
range from 150° C to —60° C. The temperature was measured by means of 
thermocouples made from 36 standard wire gauge copper and constantan 
enamel coated wires. Each junction was hard soldered and conditioned, by 
repeated cooling to the carbon dioxide sublimation point, and heating to the 
steam point. Before use, each junction was calibrated at the steam point, the 
ice point, and the carbon dioxide sublimation point. 

The test-pieces were bonded to mild steel end plates and the temperatures 
of the ends were taken as those of the end plates in contact with the test-piece. 

To find the axial temperature distribution over the test-piece under static 
conditions, a dummy test-piece was split in two and a 0.25 inch diameter piece 
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of copper 0.001 inch thick was inserted, to which had been soldered a thermo- 
couple junction. The copper was made approximately 0.25 inch in diameter so 
that a relatively large area would be in contact with the rubber and the fall in 
temperature due to heat being conducted along the thermocouple wire was thus 
considerably reduced*. In this case the actual value of the temperature was 
required (as opposed to temperature difference) and such precautions as these 
had to be taken to ensure that there were no undesirable temperature gradients. 
However, when it came to examining the temperature gradients under dynamic 
conditions, the presence of the copper disk would interfere with the stress dis- 
tribution and so these precautions could not be taken. In this instance it was 
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Fig. 1.—Variation of stiffness with amplitude of deformation at various temperatures 
Frequency constant at 30 cycles per min 


decided that it was not the temperature but the difference in temperature be- 
tween static and dynamic conditions which should be measured. This was 
done at the end of the investigation by piercing a hole in the test-piece and in- 
serting the thermocouple junction without any attachments. 

Elimination of heat build-up.—Temperature gradients in the test-piece, due 
to the conversion of hysteresis energy into heat, were reduced to a minimum by 
recording the loop after a very few cycles. The results reported were obtained 
using this ‘“‘jab technique’. On cheeking the temperature change due to heat 
build-up, it was found that, even for the worst combination of amplitude and 
frequency, the temperature rise was never greater than 1.5° C, and in all but 
one or two instances it was less than 1° C. The possibility that there was a 
minimum number of cycles before which the rubber could be considered to be 
in a cyclic state was examined and, as a result, it was concluded that there 
would be no objection to the jab technique on this basis. 
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Thermal hysteresis.-As tests were carried out in the order —60° C to room 
temperature and 125° C to room temperature, it was thought advisable to check 
for thermal hysteresis. The test-piece was put through the temperature cycle 
several times and loops were recorded each time the temperature reached room 
temperature. When compared, the loops were found to be the same in slope 
and area. Therefore, it was concluded that thermal hysteresis, if such did in 
fact exist, was too small to affect the results presented in the paper. Thermal 
expansion and contraction was also found to be negligible for this particular 
rubber. 


RESULTS 


The results were plotted as families of curves at constant frequency and 
various temperatures. These families of curves consisted of curves of stiffness 
versus amplitude, of hysteresis energy per cycle verus amplitude, and of resili- 
ence versus amplitude. Typical families of curves are shown in Figures 1-3. 

Definitions.—Stiffness is defined as the force on the test-piece at maximum 
deformation minus the force on it at minimum deformation divided by twice the 
amplitude of deformation, that is, DF /BF in Figure 4a. 

The hysteresis energy absorbed per cycle is the area of the hysteresis loop 
to the relevant scale, that is, the area BCDEB in Figure 4a. 

Resilience is defined as the ratio of the area ABEDFGA to the area ABC- 
DFGA in Figure 4a. It can be seen that the resilience as thus defined is the 
ratio of the energy output to the energy input. 

Effect of amplitude.—Over the amplitude range covered, that is, up to 10 
per cent of the free length of the test-piece, there are very marked changes in 


20 


o 


t/ 


HYSTERESIS ENERGY ABSORBED PER CYCLE—LB. IN, 


) 2 4 6 
AMPLITUDE OF DEFORMATION (PERCENTAGE OF FREE LENGTH) 
—PER CENT 


Fic. 2.—Variation of hysteresis enerey absorbed per cycle with pa maga of deformation 
at various temperatures. ‘requency constant at 30 cycles per min. 
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Fic. 3.—Variation of resilience with amplitude of deformation at different 
temperatures. Frequency constant at 30 cycles per min, 


the mechanical properties at all temperatures investigated as can be seen in 
Figures 1-3. The stiffness decreases with increase in amplitude and the hys- 
teresis energy absorbed per cycle increases with increase in amplitude. 

In Figure 1, it can be seen that the rate of decrease in stiffness with increase 
in amplitude decreases with increase of amplitude. This is apparent at all 
temperatures and frequencies investigated. For example, at —30.5° C and 
1.33 cycles per minute, the stiffness falls by 20 per cent in the amplitude range 
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0.2-1 per cent, whereas it only falls 2 per cent in the amplitude range 6.6-8 per 
cent. In both of these instances the percentages are based on the stiffness at 
an amplitude of 0.2 per cent. 

The percentage decrease in stiffness over a given amplitude range remains 
approximately constant at all temperatures. For example, over the amplitude 
range 2-8 per cent at a frequency of 1.33 cycles per minute, the stiffness falls 
approximately 11 per cent at 98° C, and it falls approximately 16 per cent at 
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Fic. 4.—Foree plotted against deformation 
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Fio. 5.—Variation of stiffness with frequency at different temperatures. 
Amplitude of deformation constant at 3 per cent of free length. 


—30°C. Although the percentage change remains approximately constant, it is 
found that the magnitude of the change increases with decrease in temperature, 
especially below 40° C. For example, at 1200 cycles per minute over the ampli- 
tude range 4-8 per cent, the increase in stiffness at —20° C is three times the 
increase in stiffness at 3.5° C. This trend can be seen in Figure 1. 

The hysteresis energy absorbed per cycle increases with increase of ampli- 
tude. When considering an amplitude range of, for example, 2-6 per cent, it 
can be seen from Figure 2 that the percentage increase in hysteresis energy ab- 
sorbed per cycle remains almost constant over the temperatures investigated. 
For example, at 1.33 cycles per minute the percentage increase over the ampli- 
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Fia. 6.—Variation of hysteresis energy absorbed per cycle with frequency at different 
temperatures. Amplitude of deformation constant at 5 per cent of free length. 
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tude range 2-6 per cent is approximately 500 per cent in the temperature range 
17° C to —48.5° C. However, it can also be seen from Figure 2 that the 
magnitude of the increase in hysteresis energy absorbed per cycle over a given 
amplitude range increases with decrease in temperature. For example, at a 
frequency of 1.33 cycles per minute, the increase in hysteresis energy absorbed 
per cycle over the amplitude range 2-6 per cent, at —41° C, is 6.5 times the 
increase at 124°C. At —48.5° C, it is approximately twenty times greater than 
at 124° C. 

Resilience decreases with increase of amplitude and, as can be seen in Figure 
3, the rate of decrease diminishes with increasing amplitude. For example, ata 
frequency of 12.75 cycles per minutes and a temperature of —36.5° C, the 
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Fic. 7.— Variation of resilience with temperature at different frequencies, 
Amplitude of deformation constant at 6 per cent of free length. 


resilience falls 45 per cent when the deformation amplitude increases from zero to 
2 per cent; it falls 23 per cent between 2 and 4 per cent, and 4.5 per cent between 
4 and 6 per cent. The magnitude of the decrease over a given amplitude range 
increases with decrease in temperature, that is, at a frequency of 12.75 cycles 
per minute, the resilience falls 10 per cent at a temperature of 114° C and 40 
per cent at a temperature of —27° C over an amplitude range from zero to 10 
per cent. 

Effect of frequency.—Both the stiffness and hysteresis energy absorbed per 
cycle increase with increase in frequency in the range 1.33-1200 cycles per 
minute at all temperatures investigated (Figures 5 and 6). The percentage 
increase over the given frequency range increases with decrease in temperature. 
For example, the increase in stiffness in the above frequency range at 0° C is 
30 per cent, whereas at — 30° C it is 106 per cent, at an amplitude of deformation 
equal to 3 per cent of the free length at both temperatures. At an amplitude 
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of deformation equal to 5 per cent of the free length, the hysteresis energy ab- 
sorbed per cycle increases by 95 per cent at 0° C and by 460 per cent at —30° C 
over the above frequency range. The resilience also falls with increase of fre- 
quency at all temperatures investigated as shown in Figure 7. For example, at 
0° C it falls from 81 per cent at 1.33 cycles per minute to 65 per cent at 1200 
cycles per minute, a drop of approximately 16 per cent, whereas at —30° C it 
falls from 61 per cent at 1.33 cycles per minute to 17 per cent at 1200 cycles per 
minute, which is a drop of approximately 44 per cent. At both the above tem- 
peratures the amplitude of deformation was 6 per cent of the free length of the 
test-piece. 

Effect of temperature.—A decrease in temperature appears, as has been men- 
tioned above, to accentuate the frequency and amplitude dependence of the 
various properties. 
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Fic, 8.—Variation of hysteresis energy absorbed per cycle with temperature at different 
frequencies. Amplitude of deformation constant at 5 per cent of free length. 


A decrease in temperature also causes an increase in the hysteresis energy 
absorbed per cycle at constant amplitude and frequency (Figure 8). For 
example, the hysteresis energy absorbed per cycle increases by 530 per cent over 
the temperature range from 60° C to —20° C at an amplitude of 5 per cent of 
the free length and a frequency of 1200 cycles per min. The rate of increase 
increases with decrease in temperature. For example, under the above condi- 
tions the increase between 60° and 40° C is 37 per cent, between 40° and 20° C 
it is 39 per cent, between 20° and 0° C it is 59 per cent, and between 0° C and 
—20° C it is approximately 400 per cent of the value at 60° C. At any one 
temperature the actual value and rate of increase decreases with decrease in 
frequency, as has already been discussed in connection with the effect of fre- 
quency. 

The behavior of stiffness is somewhat different (Figure 9). Starting at the 
high temperatures, the stiffness falls linearly with decrease in temperature to a 
minimum at about 40°C. The rate of decrease (0.42 per cent of the stiffness 
at 1.33 cycles per minute and 40° C per deg. C) does not depend on the fre- 
quency in this range. Below 40° C the variation in stiffness with temperature 
depends on the frequency. For example, at 1.33 cycles per minute the stiffness 
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remains practically constant in the range from 40° C to —15° C, then it increases 
at an increasing rate as the temperature decreases, whereas at 1200 cycles per 
minute it increases almost linearly down to about 0° C and then increases at a 
rapidly increasing rate with further decrease in temperature. 

At constant amplitude and frequency, the resilience decreases with decrease 
in temperature (Figure 7). At an amplitude of 6 per cent and a frequency of 
1.33 cycles per minute, it decreases from 92 per cent at 125° C to 81 per cent at 
0° C and to 11 per cent at —49° C. No minimum has been found in the curve 
of resilience versus temperature and it is suggested that the minimum found by 
other workers is due to allowing amplitude to vary with temperature. For 
example, Roelig® kept the force amplitude constant and Mullins® and Boonstra’ 
kept the energy input constant. Therefore, owing to the increased stiffness at 
low temperatures, the amplitude decreases and, in the present results, it is 
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Fic. 9.—Variation of stiffness with temperature at different frequencies. 
Amplitude of deformation constant at 3 per cent of free length. 


shown that resilience increases with decrease in amplitude (Figure 3) and de- 
creases with decrease in temperature (Figure 7). The two effects when com- 
bined could easily account for the minimum found by these and other investi- 
gators. 


AN ATTEMPT TO DEVELOP EXPRESSIONS TO AGREE WITH 
THE DYNAMIC BEHAVIOR OF RUBBERLIKE MATERIALS 


Most of the previous attempts to express the behavior of rubber mathemati- 
cally have been based on models made up of springs and dashpots and the corre- 
sponding classical linear equations for vibration. The expressions thus derived 
fail to account for the marked dependence of the properties of rubber on ampli- 
tude, and the present authors have, for some time, been of the opinion that some 
form of nonlinearity might be involved, hence the following approach. 

It is well known that the state of stress in a rubberlike material at any given 
time depends on the deformation history of the material prior to that time. 
In an attempt to allow for this it is assumed below that if there is a change of 
strain at time ¢ of amount (de/dt)-dt then the stress at some later time 7 
depends on the product of (de/dt)-dt and a function of the elapsed time (T — ¢). 
These products are summed from the beginning of the deformation history of 
the piece of material to the time at which the stress existing in the material is 
required, It has been found by the authors that the derived expressions agree 
well with experimental data if the stress S is assumed to be a nonlinear function 
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of the above sum. The above can be expressed symbolically by the equation 


T 
= af 1) (1) 
dt 


where A is a constant of the material. 

Over the range of the present investigations it has been found that f(7’ — t) 
may be represented with sufficient accuracy by the simple function (7 — t)~™. 
Although the value of the index m is found to depend on the value of (7' — 0), 
it can be considered constant over quite a wide range of values of (7' — 2), the 
value of m changing from one time range to another. For the present work it 
was also found that @(S) could be taken as the simple function S*, where k was 
a constant of the material. Therefore, Equation (1) now becomes 


de 
S* =A (T — t)-*—-dt (2) 
dt 
To find the stress when the strain is a simple harmonic function of time.—If 
the strain is a simple harmonic function of time such that 
= asin wt (3) 


then Equation (2) becomes 
T 
St'=A f (T — cos wt- dt (4) 
0 


In order that the method used to evaluate this integral may be brought out 
clearly it will be assumed, in the preliminary analysis, that the index m re- 
mains constant with time. Subsequently, results, based on allowing m to vary 
with time in a prescribed manner, will be given. 

In Equation (4) let w(T — t) = 8 then 


wT 
S* = f B"(cos wT cos + sinwT sin B (5) 


For small values of m (of the order 0.01 as met with in practice at room 
temperature) 8~™ will be very nearly constant at unity for quite a large range 
of values of 8. For instance, when 8 varies from 0.5 to 20 radians, 8°” varies 
only from 0.993 to 1.03. As an approximation, therefore, consider the integral 
above to be made up as follows: 


oT 
f 8 "(cos wT cos + sin wT sin B 


[Coon wT cos B + sin sin B)dp 
0 


oT 
+ f (cos wT cos B + sin wT’ sin B)dg 
7 


where y can be taken as approximately 0.5 radian. 
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Now up to about | radian cos § and sin 8 can be represented with sufficient 
accuracy by 


cosB = 1 — and sing = — 


2! 


The integral then becomes 


+ [cos wT sin 8 — sin w7' cos B}*7, 
Therefore 


conor + [1 + 


2 


(2 m) 2! 
Therefore 


S* = Aaw™{ (1 + P) sinwT + QcoswT} 


where 


Dynamic stiffness.—The dynamic stiffness of the material is defined as 


2a 


Hysteresis energy absorbed per cycle-—The hysteresis energy absorbed per 
cycle is proportional to the area of the hysteresis loop. 
Area of hysteresis loop 


ar 
= f S-d(asin wT) 
0 


f + P) sinwT + Q cos sin wT (8) 
0 


As was anticipated above, the index m was not found to be a constant when 
these expressions were compared with experimental results (Figure 10a). It 
can be seen from Figure 10a that m can be considered constant over quite wide 
frequency ranges, its value changing from one frequency range to another. 
Similar changes were found in the value of m with time in relaxation tests 
(Figure 11). The experimental results shown in Figures 10 and 11 are from a 
combined system comprised of a rubber test-piece in series with a steel spring, 
and the reason for this is given later. 

Effect of the value of ‘m' varying with time.—Let the value of m vary with 
time in the following manner. Between zero and t; let m have the value m,, 
between ¢; and t, let m have the value mz, and from time t, onwards (where 
wt, < approximately 0.5 radian) let m have the value m3. 


_| 
3! 
(6) 
2—m 2 
—m 
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-Effect of frequency on stiffness and hysteresis loop area for combined 
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system. Amplitude constant; temperature 0° ( 


Integration of Equation (4) in the same manner as before but now between 
the limits 0—+wt;, wl—wl2, wly—y and y—wT and use of the relevant value of m 
give the following result: 


S* = Aaw™{ (1 + H) sinwT + K coswT} (9) 


where 
H =m,D +E — w'F 


K =wM 


in which 


ty? (my — m2) + te? (me — m3) 


2 2 


(me ms) 


4-4! 


ty4(m, — m2) 
4:4! 


me) + to (me — m3) 


B= (m ms) 31 + (m, — mz) 


— 0019 
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Decay of force with time at a constant Gefermation of the combined 
system. Temperature —38.5 


1057 
270 
| 
0-1 1,000 
mi 
N = my — : 
3-3! 
03 — - 


105% RUBBER CHEMISTRY AND TECHNOLOGY 


In this case 
Stiffness = (] + 


and 


Area of hysteresis loop 


an 
= {(1 + H) sinwT + K coswT}'/*dsinwT (11) 


0 
To study the effect of frequency on stiffness and hysteresis loop area, it is 
easier for the moment to regard k as being equal to unity, then stiffness varies 
asw™(1 + H), that is, as 
w™ (1 + mD + — w'F) (12) 
and the hysteresis loop area varies as w™K, that is, as 


w™(wM — w'B+ N) (13) 


The slopes of the curves of log stiffness versus log frequency and log hystere- 
sis energy versus log frequency will vary as follows: 


d-log stiffness __d-log stiffness dw 
d- log w das d: log w 


which varies as 


ms (2wE — 4w*F) 
w 1+ m3D — o'F 


that is, it varies as m,; plus a negligible quantity. 


diog area dlogarea dw 


d log w diy d log w 


which varies as 


M —; 
ms 1 B (15) 


Mwo—-@B+N 


that is, it varies as m; plus a small but finite quantity. Therefore, the slope of 
the curve of log hysteresis energy absorbed per cycle versus log frequency should 
be greater than the slope of the curve of log stiffness versus log frequency. This 
is in agreement with experimental data from the combined system described in 
the next paragraph and shown in Figure 10a and b. 

Discussion of the trends shown in the light of the above equations.—It is rather 
unfortunate that the above equations cannot be applied directly to the experi- 
mental data given in the paper. This is due to the fact that the machine used 
applied a deformation which varied sinusoidally with time to a combined sys- 
tem comprised of a rubber test-piece in series with a spring. The spring was 
necessary to measure the instantaneous force and its deflecton would be very 
difficult to allow for owing to the nonlinear behavior of the rubber test-piece. 
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However, the above expressions can be used to advantage in discussing the 
trends shown in the paper. For example, it can be inferred from them that 
since the percentage change in stiffness and hysteresis energy absorbed per 
cycle over a given amplitude range at various temperatures is almost constant 
(Figures 1 and 2) then & must be almost independent of temperature. The 
increase in the magnitude of the change in stiffness and hysteresis energy ab- 
sorbed per cycle over a given amplitude range (Figures | and 2) with decrease 
in temperature corresponds with increases of A and m with decrease in temper- 
ature. The increase in the effect of frequency with decrease in temperature 
(Figures 5 and 6) corresponds to an increase in m, and the difference between 
the percentage increase in stiffness and that in hysteresis energy absorbed per 
cycle, over a given frequency range, agrees with Equations (14) and (15) above. 
The variations in hysteresis energy absorbed per cycle and stiffness with tem- 
perature correspond mainly with a variation in the value of A with temperature. 
That they do not both vary in the same way at temperatures above 40° C 
(Figures 8 and 9) is thought to be connected with decrease of m with increase of 
temperature, since m has a greater effect on hysteresis energy than on stiffness. 

Results from rubbers covering a wide range of composition® showed that 
k and m varied little with composition but that there was a considerable varia- 
tion in A. Therefore, the very considerable change in properties between a 
loaded rubber and a gum stock corresponds mainly to a change in the value of 
A, 

To find the stress when the strain rate is constant for a short time and then zero. 
—If the strain rate has the constant value V from zero to ¢; and is zero from ¢; 
to the time 7’ at which the stress is required then 


= VwhenO<t<t 
dt 


le 
0 when t; t < T 
dt 


If m is assumed constant with time, Equation (2) then becomes 


St*=A f (T —t)-"Vdt +A 0 (16) 
0 


If ¢; is small compared with 7 


S* = Ae,T-" (17) 


where ¢; is the strain existing in the material from time t; onwards. This type 
of expression has been shown by many investigators (for example, Nutting® 
and Blair, Veinoglou and Caffyn'®) to be in agreement with data from relaxation 
tests over a wide range of substances. 

If m varies with the value of (7 — f) it can be shown that Equation (17) 
still holds so long as the value of m in the corresponding time period is used. 
Hence from this type of test it is possible to find the variation of m with time 
(Figure 11). 

It has been found® that there is fairly close agreement between the value of 


he 
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m found by dynamic tests and the value of m from relaxation tests in the corre- 
sponding time range (Table 1). 

It can thus be concluded that the behavior of rubber under dynamic condi- 
tions could be predicted from the results of relaxation tests. Such a feature 
would be of tremendous advantage in the design of rubber components subject 
to vibration, but it must be pointed out that there are considerable experimen- 
tal difficulties to be overcome before accurate short-time relaxation data are 
available. 

TABLE | 
COMPARISON OF VALUES OF m 
Dynamic test Relaxation test 
A — 


‘Temperature, 


Temperature, 
m/k 


— 30 0.035 

— 20 0.030 

0.0375 
0 0.030 


SUMMARY 


Experimental data are given in this paper showing the variation of stiffness, 
hysteresis energy absorbed per cycle, and resilience, with frequency, amplitude 
of deformation, and temperature. The data have been taken from the results 
of a series of tests covering the following ranges: Frequency 1.33-1,200 cycles 
per minute, amplitude 0-10 per cent of the free length of the test-piece, and 
temperature from 125° C to —60° C. In the latter part of the paper an at- 
tempt has been made to develop expressions to agree with the dynamic be- 
havior of rubberlike materials. 
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COMMUNICATIONS 


W. P. FLercuer, wrote that the title of the paper implied a generality which 
was not justified by the data presented. It had, for example, been shown by 
many previous workers that the variation with amplitude of deformation of the 
dynamic stiffness was vanishingly small for natural rubber containing no fillers, 
while for filled rubbers the stiffness might well vary by a factor of two over the 
range of amplitudes used in the paper. Rubbers, in regular engineering appli- 
cation, covered the whole range between those extremes, and thus the measure- 
ments made by the authors should in no way be considered as representative 
of the properties of rubber in general. 

It had been shown that the measurements were substantially unaffected by 
thermal hysteresis, but no reference had been made to the known disturbance 
of dynamic properties by what might be termed ‘amplitude hysteresis’. Pre- 
vious work" had shown that the dynamic stiffness of a carbon-black-reinforced 
rubber at a given amplitude of cyclic deformation was greatly affected by prior 


m/k 
—3l 0.039 
0.039 
9 0.030 
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exercise at higher amplitudes. It was therefore important that measurements 
over a range of amplitudes should follow a pattern recognizing that feature, 
being made, for example, in order of increasing amplitude. With temperature 
as a second variable, as in the paper, it was desirable to carry out measurements 
at low amplitude over the whole temperature range, followed by measurements 
at the next higher amplitude over the whole range and so on. An alternative 
method was to apply a high temperature conditioning treatment to specimens 
between a higher and lower amplitude measurement. He would like to ask the 
authors whether they had adopted either of those techniques. 

The position of the origin of hysteresis loops did not appear to be defined in 
the paper although Figure 4b showed the center of the excursions to be at a 
deformation of 0.1 inch. He asked whether that was so for all the measure- 
ments. The well-known variation with temperature of the equilibrium (static) 
stiffness of rubber would, in that case, lead to a considerable change with tem- 
perature in the position of the loop center on the force axis. He would like to 
ask whether the authors had investigated the effect of origin shift upon dy- 
namic properties. 

The data on variation of stiffness with amplitude at temperatures — 50° 
and — 54° C, Figure lc and d, were difficult to reconcile. Figure lc implied that 
at —50° C the stiffness tended asymptotically to an infinite value at about 0.5 
per cent amplitude, whereas at —54° C, Figure 1d, the stiffness against ampli- 
tude had a finite slope to as low as 0.05 per cent amplitude. He would be 
interested to know why no stiffness measurements were possible below 0.5 per 
cent amplitude at —50° C. At temperatures of the order of —54° C many 
workers had shown that the stiffness of natural rubber was extremely tempera- 
ture sensitive, a change of 2° C being accompanied by a stiffness change of 
about twofold. The data presented might be distorted by such effects since 
the region considered was one of high energy dissipation which might lead to 
significant heat build-up. The authors had suggested that a temperature 
difference of 1.5° C between the center and the end occurred in certain cases, 
and it would seem that some results shown for —54° C might well be in serious 
error on that account. 

A. N. Gent, wrote that a transition occurred in all rubber like materials at 
sufficiently low temperatures or sufficiently high frequencies, when the value of 
Young's modulus increased rapidly as the temperature was lowered or the fre- 
quency raised further, to attain ultimately a value of the order of 4-10° lb. per 
sq. in. The hysteresis losses also increased, and passed eventually through a 
maximum value. The final material was inextensible and glass like. 

That transition from a rubberlike to a glasslike state had been studied ex- 
tensively. Briefly, it had been found possible to describe the behavior of any 
rubberlike material by two functions, representing the temperature and fre- 
quency dependence separately". The first function, moreover, had been shown 
to have the same general form for all materials; one which appeared to reflect 
the increase with temperature of the volume available for molecular motion". 
The second function, describing the frequency dependence at a constant tem- 
perature, had usually been represented formally by a corresponding distribution 
of relaxation times for a hypothetical series of relaxing elements. It had re- 
cently proved possible to predict the general form of that distribution with fair 
success from a comparatively crude model of the rubber molecule!*'®, 

The authors had examined a natural rubber vulcanizate under such condi- 
tions that the rubber-to-glass transition had commenced, and was in fact re- 
sponsible for the major part of the frequency and temperature dependence 
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found. Therefore, that brief description of the nature of the transition might 
be of interest to them, particularly since they had attempted a mathematical 
representation of their results. 

Measurements carried out by himself had indicated that the general char- 
acter of the transition was unaffected by the incorporation of fillers or by vul- 
canization to moderate extents"’ ; it might therefore be considered characteristic 
of the rubber molecule. On the other hand, the dependence of the mechanical 
properties on the amplitude of vibration was associated primarily with the 
presence of additives, since it was virtually absent in simpler compounds". 
The attempt of the authors to describe both phenomena in a simple mathemat- 
ical relationship was perhaps unduly ambitious, and the absence of experi- 
mental support was not surprising. 

The experimental measurements of the authors would, however, be of great 
interest to designers of rubber components, although the use of only one vul- 
canized compound of natural rubber under a particularly complex stress dis- 
tribution precluded general application. 


Via, 12.—Line of zero velocity sketched in through ends of loops in Figure 4b 


V. E. Goucu, wrote that for the purpose of comment the paper could be 
divided into two parts, the first part comprising a statement of the findings of 
an extensive investigation of the changes of two important properties of rubber 
over a wide range of frequency. The properties had been defined in the 
simplest possible manner, stiffness corresponded to the slope of the straight line 
joining the points of reversal of motion of the force-deformation loop, and the 
area of the loop. Those curves were of value, particularly as they had been 
derived from a machine which drew the actual force against deformation curve, 
and no mathematical assumptions of equations of motion had had to be made 
in the derivation of the values plotted. 

The second part was an attempt to develop expressions to agree with the 
dynamic behavior of rubberlike materials. As the authors had pointed out, 
the common assumption of linear elasticity and damping gave inconsistent 
results and, in fact, the results obtained by such assumptions were inconsistent 
with those assumptions, for example, a common result was that the damping 
constant (assumed constant in order to derive its numerical value) was found to 
vary with frequency. As the authors had stated the true relations must be 
nonlinear. 
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They had then assumed a functional form for the nonlinearity, derived ex- 
pressions corresponding to an applied simple harmonic strain and deduced ap- 
propriate values of exponents in their expressions from comparisons between 
measured values and integrals derived from the assumed mathematics. That 
was a similar approach to the conventional linear one, with the difference that 
one form of nonlinear equation was initially assumed in place of a linear one. 

An alternative approach would have been to let the data itself suggest the 
functional form of the nonlinear expression. 

As noted by the authors points B and D of Figure 4 were points of maximum 
and minimum deformation, and because of the reversal of motion, were points 
of zero velocity. Such points of zero velocity could be joined together on the 
several loops of Figure 4b. If that were done, a curve similar to Figure 12 was 
produced. 


LINE FOR INCREASING 
DEFORMATION 


MEAN LINE 
LINE FOR DECREASING 
DEFORMATION 


Fic. 13,—Diagram showing how dry friction would explain an inerease of slope of line AE 
with decrease in amplitude of deformation. 


It would be noted that that line did not lie along the center of the loops but 
was nearer the upper side of the loops at strains greater than the mean strain, 
and nearer the lower side of the loops when the strain was less than the mean 
strain. That corresponded to a smaller damping coefficient when the strain 
was moving away from its average value and a larger damping coefficient when 
the strain was moving towards its average value. In addition, there was a sug- 
gestion of either a steep section of the elastic curve (line through points of zero 
velocity) at the mean strain or possibly a discontinuity like dry friction. The 
curves in Figure la in which the stiffness increased very rapidly with decrease in 
amplitude suggested a dry friction effect (Figure 13). 

That suggested that the simplest form of equation should have terms of the 
form 


de de 
or even p + — t) 


with the added provisio of values for the constants p and q for strains moving 
away from the average differing from those for strains moving towards the 
average. 

The authors had suggested that the nonlinear behavior of the results intro- 
duced difficulties in the detailed comparison of any equation and the diagrams 
from the machine. That was strictly true, but, provided the stiffness of the 
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load measuring beam was several times that of the rubber, the deflection of the 
rubber block was near enough to simple harmonic motion for lines of constant 
velocity to be constructed in Figure 4. 

Figure 14 shows that that was true. If the recorded loop of Figure 14 was 
drawn with the force scale reduced by the value E, the stiffness of the load beam. 
Figure 146, showed the relation between block deflection and the yoke motion, 


RECORDED LOOP 


DEFORMATION 
BEAM DEFLEXION 
| = FORCE 


BLOCK DEFLEXION 


Fia. 14.-—Derivation of velocity. a Reduced force scale. 6 Relation between block deflection 
and yoke motion. ¢ Velocity corresponding to deflection. 


If, as in Figure 14c, the load against deflection loop were replaced by the straight 
line AB then it could be seen that if line FD were parallel to AC, then the veloc- 
ity corresponding to the deflection could be obtained from the semicircle BC 
whose center was at 0, and that it was proportional to DE. 

By the use of that simplification, curves of constant velocity could be drawn 
on the loops in Figure 4b, and the possible functional form of the nonlinear 
equations deduced. That approach was more direct than one in which an 
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assumption was made and the checks made on equations which were in fact 
integrals. 

It was to the credit of the designer of the machine that that approach could 
even be considered, and arose because a known motion was applied and the 
resulting load against deformation curve was measured with no auxiliary as- 
sumptions. 

In spite of that suggestion that the functional form might not be the final 
one, the authors were to be commended on placing on record the full analysis of 
a possible interpretation. He would like to ask the authors to comment on 
how it compared with the usual simple harmonic motion interpretation, for 
example, by drawing synthesized loops from the two theories and comparing 
them with those of Figure 4b, and whether he was correct in assuming that the 
authors had claimed that their interpretation was superior to simple harmonic 
motion, in view of the information in Figures 10 and 11, whereas the simple 
harmonic motion results disagreed with the original assumptions. 

A. GraHaM wrote that the authors had presented a very significant paper 
which lay near the point of convergence of some theories and results of others 
who had worked with different materials. A brief résumé of previous work 
would demonstrate that the paper would be of interest to many more than those 
who were concerned only with design procedures for rubber. 

The present investigation joined with those that had been made, with com- 
plete disregard of the structure of the material considered, into the pattern of 
relationship between the directly-measured mechanical variables. Only a few 
of the many investigations had been sufficiently extensive or systematic to lead 
to significant results in their own right, but collectively, much of the work pre- 
sented a well-defined picture. 

He himself had been more particularly concerned with metals. For those, 
a variety of laws had been proposed on the basis of experimental results, among 
which occurred the well-known linear relationships on log against log plotting 
between various pairs of variables and their derivatives. Those attracted 
attention because they were embraced" in the Nutting equation, Equation (17) 
of the paper. Nutting had put that forward to represent his results on pitch, 
and Nutting believed it to be no less fundamental than Hooke’s law and the law 
of viscosity, for it contained those as special cases and applied to several mate- 
rials. A great deal of experimental evidence existed to support special applica- 
tions of the equation, while Scott-Blair and his coworkers, in several papers 
besides that quoted, had specifically verified it for a variety of materials. There 
were, of course, many materials to which, as it stood, it did not apply. 

The Nutting equation expressed a unique relationship between its variables, 
and, certainly in application to metals, the objection had to be faced that Dorn, 
Orowan, their collaborators and others'® had conclusively shown by experiment 
that a unique relationship did not exist : metals had, as it were, a ‘memory’, their 
behavior under test being dependent in detail upon the stresses to which they 
were subjected prior to testing. Analogous memory effects had been known 
for a long time, and Leaderman” had given an interesting summary of early 
work. It appeared that in 1876 Kohlrausch, who had worked with rubber, 
had demonstrated the memory effect which two years previously had been 
mathematically expressed by Boltzmann in the well-known principle, repre- 
sented by Equation (1) of the paper, that bore his name. It had since been 
recognized as the more general mathematical principle of linear superposition, 
and had been applied to a number of systems that were linear in the sense that 
the linear laws of ideal elasticity and viscosity were approximately obeyed. 
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Linearity in that sense was not, however, a condition for the suitability of 
the principle, and he himself" had sought to avoid the objection to Nutting’s 
algebraic equation by supposing that that equation was obeyed only for incre- 
mental changes, while relationships between finite quantities were to be cal- 
culated by a linear superposition of Nutting elements. On the basis of experi- 
ments by Walles”, Equation (18), given in the symbols of the present paper 
where appropriate, had been adopted. 


¢= ve f (T — t)”"S*dt (18) 


That had been found to give a reasonable description of the relationship be- 
tween results from creep tests and two forms of tensile test on a nickel-chro- 
mium alloy of Nimonic 80 type. 

Working in another field, with a variety of non-metallic materials, Scott 
Blair” had found very few exceptions to the Nutting equation, but those few 
had led him to an alternative generalization of it which had included all his 
results. He represented that a plastic solid was intermediate in behavior 
between a Hooke solid and a Newton liquid by means of ‘fractional differentials’ 
intermediate between the first-, second-, and whole-number differentials 
normally used, and he had written his generalization as in the expression (19). 


lero 
= constant (19) 
in which F signified fractional differentiation and 4 and w were not whole 
numbers in general. 

When he himself had sought a generalization of Equation (17), he had been 
interested in Scott Blair's suggestion, especially in view of the close correspond- 
ence between fractional operations and the superposition principle. Un- 
fortunately, however, mathematicians appeared not to have discovered formal 
definitions of those operations that met their full requirements™. The most 
familiar tentative definitions were those due to Riemann, namely, 


ra and Tia) u(t)dt (20) 


respectively, for the ath differential quotient and integral of u(z) where m was 
the largest integer contained in the number a, and v was the fraction that re- 
mained. 

Equation (18) had been derived by an integration by parts, for the condition 
that stress vanished at the lower limit, from the more general Equation (21)** 


(T - dt (21) 


Comparison of Equation (21) with Equation (2) showed that the two equations 
differed only in that the positions of stress and strain functions with respect to 
the operational signs were interchanged. Indeed Equation (21) might be re- 


= 
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garded as arising from Equation (22) 


d(S*) 
di 


de 
q 8) 


(22) 


by integration of both sides between limits 0 and 7’ under the condition e = 0 
when ¢ = 0, while Equation (22) might be rearranged into 


which, when integrated between the same limits with S* = 0 when ¢ = 0, be- 
came, with 1/f = A, the authors’ Equation (2). 

It was also interesting to notice that*, by ‘‘differentiating’’, k times (18) 
with respect to time and a further 8 times with respect to stress, by use of the 
Riemann formula, an equation of the form (19) would result. The effect of 
ordinary differentiation was to remove constants of integration which referred 
to specific cases and, if it were not for the fact that the whole difficulty with the 
Riemann and other definitions of fractional operations was concerned with those 
very constants, the Scott Blair form (19) could be regarded as embracing both 
Equations (18) and (2). It appeared best not to become involved in the diffi- 
cult problem of fractional operations as such, but to record the fact demon- 
strated by all three lines of investigation that a linear superposition of nonlinear 
Nutting elements, as expressed by integral equations of the type considered, 
was in reasonable agreement with results on a remarkably diverse set of 
materials. 

Many who had studied data for engineering alloys had remarked on the 
tendency, especially in log stress against log time and log stress against log rate 
and sometimes in log stress against log strain graphs, for the points to fall upon 
a line consisting of two or more distinct linear segments analogous to those 
exhibited in Figures 10 and 11. He himself and Mr. Walles had made a de- 
tailed study of that behavior, the simplest explanation of which was that de- 
formation was controlled by a number of distinct mechanisms, each being 
governed by an equation of the general type (18). They were about to offer for 
publication the results of an extensive analysis of engineer's creep and hot 
fatigue data from that standpoint. It was perhaps significant that the slopes 
of the distinct linear segments found in metals indicated discrete magnitudes of 
the ratio k/m in Equations (18) or (21), while the magnitudes of the distinct 
slopes in Figures 10 and 11 were equal to that ratio. It also appeared from the 
work on metals that, for metals, the several values of both k and m were inde- 
pendent of temperature. 

D. M. Hevouan, wrote that he would have liked a paper on the interesting 
and unique properties of rubber written for engineers rather than rubber tech- 
nologists. The authors had omitted any mention of crystallization, the cause 
of the low-temperature stiffening of rubber, shown to affect the results in Figure 
9, presumably because the paper had been presented to an engineering Institu- 
tion. They had also omitted a description of the rubber compound used in the 
tests. The compound corresponded to a medium-loaded lamp black mounting 
stock similar to those used for bonded-rubber mountings. 

They had discussed very briefly the methods of dynamic testing of rubber. 
In practice, rubber was used in dynamic conditions under many modes of de- 
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formation and often under combined modes. All those tests would be of 
practical value. 

The fact that the dynamic properties of rubber were dependent on rubber 
compound, cycle of deformation, temperature, frequency, and amplitude made a 
description in general terms difficult and a comparison with metals irrelevant. 
Engineers frequently asked for general design curves of the type depicted in 
Figures 8 and 9, but unfortunately, several papers full of test results alone 
would be necessary to give the broad effects of all the variables involved. 

The small size of test specimen adopted for the tests was unrepresentative 
of practical mountings, such as engine mountings, because of the effect of the 
length/diameter ratio on stability. He would like to ask the authors whether 
they had results on other sizes of specimen. The so-called shape factor was an 
important parameter for rubber in compression because of the freedom of 
movement of the nonbonded surface. However, rubber is not always used in 
compression with bonded ends, since those are not essential in the static com- 
pression case, and he would like to ask the authors whether they had experi- 
mented with test-pieces having nonbonded ends. The difficulty with non- 
bonded ends was the reproducibility of results because of different end effects. 
Marked differences appeared possible between identical specimens. 

L. Mu.uins, wrote that one of the authors of the paper had previously 
drawn attention to differences in methods of describing hysteresis; two terms 
which were often used were resilience and percentage damping. It seemed un- 
fortunate that the authors had adopted a definition for resilience which was 
different both from that widely used by rubber technologists and from that used 
by engineers. If the deformation cycle started from zero strain then no prob- 
lem existed, and the terms resilience and percentage damping were used inter- 
changeably by rubber technologists. When the cycle started from a static 
strain the percentage damping was preferred and widely used to describe hys- 
teresis. If the results in the paper were to be compared with those of other 
workers in the field then the values of resilience would have to be recast as per- 
centage damping. 

The authors had drawn attention to the absence of a minimum in their 
resilience temperature curves and suggested that the minima observed by previ- 
ous workers had been merely results of the methods of testing used. That ap- 
peared to be most unlikely. Indeed the lowest temperatures attained by the 
authors were higher than those at which a minimum should occur; for example, 
previous workers had shown that on rubbers similar to those used in the in- 
vestigation a minimum in resilience temperature curves determined at 1200 
cycles per minute occurred at about —40° C. 

A. R. Payne, wrote that in a dynamic test, elastic energy was stored by a 
number of ‘‘mechanisms"’, each making a contribution G; to the instantaneous 
rigidity. The stress supported by the ith ‘mechanism’ would decay exponen- 
tially with a relaxation time r. Since those mechanisms were of the configura- 
tional or entropy decrease type, it was reasonable to assume G; proportional to 
the absolute temperature and to the density, and 67,;/6T = 67;/6T for all ij. 
That was equivalent to multiplying al) relaxation times by a constant factor ar 
for the same temperature shift. Application of those assumptions to data pre- 
sented as graphs showing, for example, stiffness, or hysteresis area as a function 
of frequency over a range of temperature, enabled all the data to be presented 
as a single graph by displacement of the separate curves along the log (fre- 
quency) axis by the constant factor (log ar) chosen to given superimposition. 
It had recently been shown” that log ar as a function of T was the same func- 
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tion for a number of polymer systems ranging from viscometric relaxation 
processes in liquid glasses to dielectric relaxation in vulcanized and unvulean- 
ized rubbers, stress relaxation and cyclical dynamic deformation. The data 
given by the authors confirmed that, as could be seen from Figures 14a and 14d, 
obtained by carrying out the above procedure on the authors’ Figures 5 and 6. 
The immediate practical significance of that was that dynamic behavior at both 
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higher and lower frequencies could be predicted from results obtained over a 
limited frequency range provided that that range was repeated at several 
temperatures. 

He was less happy about the authors’ treatment of stress relaxation. The 
decay of stress was not merely a function of relaxation processes common to 
long-chain polymers but was also a function of two other entirely different 
processes: (1) oxidative scission of chains leading to a reduction in stiffness, 
coupled with the formation of new crosslinks; (2) breakdown of filler structure. 
Comparison of relaxation rates of unloaded rubbers in air and in vacuo showed 
the importance of the oxidation mechanism and the effect was enhanced when 
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carbon black was present as a filler. Caution was required in linking dynamic 
behavior and stress relaxation for unloaded rubbers and was best avoided with 
loaded rubbers until more was known. 

The mathematical model developed by the authors was extremely interest- 
ing but the experimental system could be improved, and comparison with the 
theory would then possess greater cogency. The system as employed intro- 
duced into the stress second, and other, harmonics, and inspection of the hys- 
teresis loops in Figure 4b confirmed a definite and serious departure from the 
pure elliptical form. Part of that departure from linear behavior could have 
been avoided by using a very stiff force-measuring device such as a proof ring 
with either a strain gage or a differential transformer displacement pickup*’. 
Rubbers loaded with mineral fillers or carbon black also showed nonlinear be- 
havior due to temporary breakdown of filler structure, usually known as the 
“amplitude effect’, and that could be avoided only by working with unloaded 
‘pure-gum’ rubber. However, an adequate treatment of nonlinear response 
would require more space than was justified in that communication. 

J. D. Ferry wrote that the relations given between amplitude-dependent 
dynamic mechanical properties and behavior in relaxation tests represented 
gratifying success in obtaining a practical formulation by judicious approxima- 
tions. While the power laws with exponents m and k were useful for practical 
purposes, some other formulation might prove more suggestive regarding physi- 
cal interpretation of the phenomena observed. In this connection, he was 
tempted to ask whether some sort of reduced variables could be used to correlate 
the effects of amplitude, frequency, and temperature, as the latter two variables 
were correlated for deformations at very small amplitudes. Suitable composite 
plots might permit, even without analytical expressions for the functions in- 
volved, prediction of properties in other ranges of temperature and frequency 
than those experimentally investigated. 

H. Roe.ie wrote, regarding the definition of resilience, that he considered 
that it was not necessary to take the quadrangle ABFG into the calculation of 
resilience. That amount of energy did not contribute to the dynamic energy 
turnover. 

He and his colleagues had carried out tests for the evaluation of damping at a 
constant amplitude as well as at a constant dynamic load. In both cases they 
had obtained a maximum of damping for the low frequencies at which the 
authors’ tests had been carried out. The position of the maximum had occurred 
at very low temperatures —70° C. 

G. W. Scorr Buiarr wrote that the authors had given an equation relating 
stress S to time 7’, Equation (16), and had pointed out that, in the limit, that 
reduced to Nutting's equation, Equation (17). 

They had correctly quoted him and his colleagues’® as having shown that 
that was ‘in agreement with data from relaxation tests over a wide range of 
substances’. But, in fact, in that and later papers”, they had pointed out that 
Equation (17) was a very special case of a more general equation, applicable to 
many more materials than is Equation (17). The symbols had been changed to 
conform to the authors’ usage. In Equation (23), the k's and m's had been 
dashed to distinguish them from the k and m in Equation (17) which might 
vary with stress and time respectively. 


= (aT™ + +--+): + +---) (23) 
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This is derived by integrating a fractional differential equation 


(24) 


where the large F indicated fractional differentiation and yu and w were identified 
with m and k only in special cases. 

Equation (24) was derived from what he had called “the Principle of Inter- 
mediacy”. For systems which were neither truly elastic nor viscous, it had 
been usual to postulate properties corresponding to a finite, or sometimes to an 
infinite, grouping of elastic and viscous elements (springs and dashpots in 
parallel and a series: relaxation and retardation spectra). The Principle of 
Intermediacy proposed an alternative method: shear modulus was defined as 
shear stress divided by strain and viscosity as shear stress divided by rate of 
change of strain. For certain complex systems, it was proposed to use entities 
defined as shear stress divided by some fractional differential of strain with 
respect to time, the fraction varying from zero (when the entity had the dimen- 
sions of a shear modulus) to unity (when it became a viscosity). 

Although for many systems, the fractional differentiation with respect to 
time was sufficient, there were cases where a similar differentiation was re- 
quired with respect to stress, i.e., stress and strain were not linearly related. 
That led to Equation (24), of which Nutting’s Equation (17) was a degenerate 
case, applicable only to conditions such as those of constant stress or strain. 

Such equations presented certain dimensional difficulties, and he had 
deemed it wiser not to describe those complex entities as “‘physical properties”, 
though many physicists would have no objection to that. He had called them 
“quasi-properties’. The quasi-properties of materials could not be compared 
as simply as could classical physical properties. For example, in the Nutting 
equation, two materials having different values for k or m could not be com- 
pared merely in terms of their values of A. Provided that that was remem- 
bered, the principle was entirely sound dimensionally : there was no dimensional 
inhomogeneity, as had sometimes been wrongly stated. (The dimensional 
aspects of such equations had been ably discussed by Dingle”*.) 

Nevertheless, equations such as (24) were rather inconvenient and, as 
several authors had shown*®, could be better expressed in the form of an inte- 
gral. For the fairly usual case when k = 1, Hermans’s equation became identi- 
cal with the authors’ Equation (2), which was a special case of the Boltzmann 
equation. As a special case of Equation (2), the Nutting Equation (17) repre- 
sented the simplest type of recollection function, since it implied that the rate of 
strain for a constant stress was at any time proportional to the average rate of 
strain up till that time. Alternatively, Graham” had made use of the Ath 
fractional differential and fractional integral (written *1) defined according to 
Riemann 


u(r) = (z) = f u(t)dt (25) 
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He had pointed out, in effect, that if strain was proportional to the uth integral of 
S*, then, according to Equation (21), 


A 


(27) 


and, in circumstances in which it would be in order to differentiate both sides of 
Equation (27) uw times with respect to time by use of Equation (25), Equation 
(28) was obtained 


Tut 
(28) 


and then differentiating w times with respect to stress, the result would be 


2 = constant (29) 


which was equivalent to his own Equation (24) ; though Graham had been care- 
ful to stress that Equations (27) and (28) were not, in general, identical. 

The fit from Equation (23), using never more than two terms in each of the 
series, had been found to be so good for many very complex materials” that the 
use of fractional differential or, better, integral equations would seem well 
worth further investigation. 

Graham” had generalized Equation (23) to allow for differences, other than 
unity, between successive powers of 7’: 


e = + C,7™ (30) 


where a; > a,:-: > a,; and had studied empirically the nature of the series of 
a's. Working with metal alloys, he had also extended the treatment to include 
the effect of variations of temperature. 

In the special case, discussed by the authors, in which the strain was a 
simple harmonic function of time, it was convenient to express the maximum 
energy per unit volume stored during the cycle EZ, in terms of a real modulus 
@’ derived from the components of stress and strain which were in phase; and 
an ‘imaginary’ modulus G” derived from the 90° out-of-phase components, such 
that: 


= 2E,/a*, = and G* = + iG” (31) 


where G* was a complex modulus". The ratio G’/G’ was given by the tangent 
of the phase-difference angle. (a was strain amplitude, not to be confused with 
a in Equation (30)). 

Buchdahl and Nielsen® had tried to equate m, in Equation (17), to 2G’’/xG’, 
but he himself had shown that that was not generally justifiable*. It was true, 
in fact, for anelastic, but not for inelastic systems. 

He was indebted to Mr. A. Graham for checking the interpretation of his 
(Mr. Graham's) equations and for helpful discussions. 
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P. W. Turner wrote that since all the rubber properties under discussion 
were functions of rate of change of strain and, since in compression the strain 
distribution in the test-piece was nonuniform and dependent upon the shape 
of the test-piece, the quantitative results obtained would also be dependent 
upon the shape of the test-piece to an extent which was by no means negligible. 
For example, in the test-piece specified there was a difference of strain between 
an element on the axis and an element on the surface, of the order of 2. 

For a homogeneous sample that would imply an equivalent difference in 
amplitude of excitation of 2, which, for example, in turn, assuming a character- 
istic such as Figure lc, would result in a very considerable difference in effective 
stiffness between the above elements. 

Under those conditions, the rubber body became effectively nonhomogene- 
ous, not only in regard to strain but also to material properties, and the inter- 
pretation of quantitative results became difficult. 

He asked whether the authors would agree that quantitative data would be 
more satisfactorily obtained using shear test-pieces having substantially uni- 
form strain distribution and more linear characteristics. 

A. H. WILuis wrote that most of the previous work done in that field had 
been based on resonance methods, by which the amplitude and frequency of a 
sustained vibration were the measured variables. Those methods assumed 
that an equation of the type 


+ Cow (32) 


4 dt? dt 


was valid. Since B and C were not, in practice, constant, the equation was not 
valid; they were dependent, as the authors had shown, on amplitude and fre- 
quency. Consequently, much of the evidence on the dynamic properties of 
rubber was conflicting and unreliable. Further, the resonance method was ill- 
suited to frequencies below 20 cycles per second, and information on that fre- 
quency range had been very meager before the appearance of the authors’ 
paper. The authors had adopted a nonresonant, constant-amplitude deforma- 
tion in order to ‘‘separate the variables’’, and that was sound, when the ampli- 
tude effect was so large. However, the commonest engineering use of stressed 
rubber was in antivibration mountings, where unbalance gave rise to a sinu- 
soidal force cycle, whose maximum value would be constant so long as the 
properties of the rubber mounting did not change. The prediction of behavior 
in the ‘real’ case from data obtained under constant amplitude conditions was a 
difficult problem which, doubtless, the authors had well in mind. 

The method of temperature control and the “jab’’ technique were open to 
criticism, and it would seem better to carry out the tests in a temperature con- 
trolled box in which the heat generated by hysteresis would come to equilib- 
rium with the environment. That would achieve steady state conditions and 
avoid the need for measurement after ‘very few cycles’, during which tempo- 
rary bonds in the rubber broke down. He asked whether the authors would 
state their reasons for preferring their particular technique. 

He had found the comments on the results somewhat confusing, although he 
appreciated the difficulties in commenting on the shape of curves. It was incon- 
venient for readers when authors quoted particular values from curves not 
appearing in the paper. For example, there was a reference, apparently to 
Figure 1, of a temperature of —30° C and a frequency of 1.33 cycles per minute. 
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But Figure | covered data at 30 cycles per minute and had no curve for —30.5° 
C. There was also a reference to 40° C and yet Figure la-d referred to sub-zero 
temperatures. The curves for temperatures above 0° C seem to be missing. 

The authors had frequently used the term “percentage increase’’, thereby 
implying the need for nondimensional parameters in order to appreciate changes 
in properties. It was unfortunate that their results had not been summarized 
by graphs in those terms, since the values of stiffness in lb. per in. and hysteresis 
in in.-lb. (the reversed form of lb.-in. was unnecessary) applied only to the size, 
shape, and composition of their particular specimens. He suggested the term 
‘relative stiffness’ as a percentage of the stiffness at 20° C for a given frequency; 
similarly for ‘relative hysteresis’, the stiffness and hysteresis curves being fairly 
flat at 20° C or room temperature. He asked whether the authors would 
consider adding those graphs in their reply. 

The prediction of dynamic behavior from an idealized spring and dashpot 
model had not proved workable from the engineer's standpoint and, while the 
authors’ approach to the problem had to be tentative until further work had 
been done, the fresh point of view was to be welcomed. 


AUTHORS’ REPLY 


McCauuion and Davies wrote, in reply to the communications, that they 
were gratified with the number, breadth and depth of the contributions to the 
discussion. They were particularly pleased to find that the paper was of inter- 
est outside the rubber field as evidenced by the contributions of Mr. Graham 
and Dr. Scott Blair. The similarity between Mr. Graham's findings and those 
in the paper might have a deep significance. 

Replying to Professor Ferry, and to one of the points raised by Professor 
Willis, they agreed that the effect of amplitude could be better shown by com- 
posite plotting of a nondimensional form. In the two years since the paper had 
been submitted they had worked along those lines, and they were hoping to 
publish the results of much more extensive investigations. 

In reply to those contributors who had mentioned the limited nature of the 
results, on the grounds that one rubber only had been investigated, they would 
enlarge on the brief reference made in the paper to work on other rubbers. In 
all, ten different natural rubbers had been tested, varying from an unfilled rub- 
ber to a heavily filled one. All the rubbers had shown a variation of properties 
with amplitude, but the constants k and m had appeared to vary little with 
composition. The differences in properties between one rubber and another 
seemed to be accounted for by changes in the value of the material constant A. 

They thought that Mr. Fletcher's “amplitude hysteresis’’ might be the 
result of a temperature rise in the test piece. As pointed out in the paper, they 
had used a jab technique, and so had limited any such rise in temperature. 
Even with that technique they had noticed that the temperature of the test 
piece could rise considerably if cumulative effects were not carefully watched. 
Some early trials showed that the temperature rise of the test piece resulting 
from such cumulative effects could produce what Mr. Fletcher referred to as 
“amplitude hysteresis’. After safeguarding against any temperature rise of 
the test piece it did not matter in which order a varying amplitude curve was 
carried out. 

They apologized for omitting to specify the mean deformation to which the 
test-piece had been subjected. A test-piece with bonded ends had been used, 
and had been subjected to zero mean deformation for all the curves shown in the 
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paper. The loops shown in Figure 4b were from a later series of tests; that 
figure had been included to illustrate the nature, and not the magnitude, of the 
changes taking place. A full investigation into the effects of varying the mean 
deformation, both in compression and shear, was nearing completion at Not- 
tingham. 

In regard to the doubt cast on the results shown in Figure le and d, on the 
grounds that in that region the curves would be seriously distorted by a tem- 
perature variation of 1.5° C, they would enlarge on their statement that the 
figure of 1.5° occurred only “for the worst combination of amplitude and fre- 
quency”. That condition had, therefore, only been met once throughout, 
namely, when the maximum amplitude and maximum frequency had been 
applied simultaneously. For the low amplitudes and frequency involved in 
Figures le and d, the temperature variation had been hardly detectable. In 
regard to the shape of the curves they considered that Mr. Fletcher was reading 
too much into the few results available at those low temperatures. No analysis 
had been based on those curves; they had been added to Figure la to indicate 
the extent of the stiffening up of the rubber at low temperatures and to show 
that an amplitude effect was still present. 

They thanked Dr. Gent for the references he had put forward. His ap- 
proach was obviously different from that in the paper, but they were quite 
content to agree to differ. 

Mr. Gough had made interesting comparisons, based on Figure 4b, between 
the behavior of the rubber when the strain was moving away from its average 
value, and when it was moving towards its average value. He had also sug- 
gested a dry friction effect to account for the variation in the stiffness of rubber 
with amplitude. While they agreed that a dry friction effect would cause an 
increase of stiffness with decreasing amplitude, they could not see how dry 
friction would give a hysteresis loop of the correct shape. On the basis of the 
theory in the paper, however, synthesized loops were of the correct form, but in 
view of the complexity of the stress and strain distribution in compression the 
authors were postponing any further work on the synthesis of loops until results 
in shear were available. Loops synthesized from the simple harmonic motion 
interpretation would not, of course, give any variation in slope with change of 
amplitude. 

The authors thanked Mr. Gough for the complimentary remarks in the latter 
part of his contribution. The agreement between their findings in dynamic 
tests and relaxation tests had been most encouraging, for it meant that the be- 
havior of rubber under specified dynamic conditions could be predicted from 
the results of static tests. 

They thought Mr. Heughan was unduly pessimistic over the number of 
design charts which would be necessary to show the behavior of rubber under 
various conditions. The contributions of Professor Ferry, Mr. Payne, and 
Professor Willis all suggested possible means of reducing the number of graphs 
required, and their own later work supported those views. That later work 
had also included an investigation into the effect of shape factor, and an exten- 
sive range of length/diameter ratio had been covered. It was hoped that those 
results would be published in another paper. They had used a number of test 
pieces with unbonded ends; with the rubber bearing on to machined mild-steel 
faces they had not been able to detect any slip, and the reproducibility of the 
results had been very good. 

In replying to Mr. Mullins they felt that their definition of resilience agreed 
in principle with that used by rubber technologists—namely, the ratio of energy 
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return to energy input for one complete cycle. It was true that agreement 
ended there, and that there were then important differences between resilience, 
as presented by themselves, and resilience as quoted by some other workers. 
The important point of difference was not that some workers used a cycle 
starting from zero strain and others a cycle starting from a finite strain, but that 
some workers evaluated resilience from a measurement of rebound, while others 
used a cycle from a dynamic testing machine. The rebound method was ad- 
mirably suited to many industrial needs, but was not a sound research tech- 
nique, since it involved a variation in amplitude—a variation which had been 
shown to have a marked effect on the behavior of rubber. To recast their 
results therefore, as Mr. Mullins had suggested, would be of little purpose in 
the light of the doubt cast on the accuracy of a rebound resilience. The inter- 
changeable use of the terms resilience and percentage damping was most con- 
fusing; for a cycle starting from zero strain the terms were really complemen- 
tary. 

They were grateful to Mr. Payne for his observations on the superimposition 
of the curves shown in Figures 5 and 6, but would point out that the model he 
referred to was not essential to the process. A similar suggestion based on a 
power law had, in fact, been made by Mr. Graham, and they had since followed 
it up. With regard to the linking of dynamic behavior and stress relaxation 
they felt that Mr. Payne's unhappiness was unfounded. Surely the dynamic 
behavior in question was the result of stress relaxation. Without stress relaxa- 
tion there would be no hysteresis loop. But it was important, of course, that 
relaxation over corresponding time intervals should be considered in both cases. 

In regard to the experimental system, they would of course agree that im- 
provements were possible. If they had to design another testing machine they 
would incorporate such improvements as experience had dictated. That was 
only natural. But the fact that other research and industrial organizations 
were copying the machine, at least in part, showed that it was considered to be 
basically sound. They were surprised at Mr. Payne's concern over the de- 
parture of the hysteresis loops from a pure elliptical form. The fact that com- 
pression tests were involved would account for much of that departure. In 
subsequent work at high mean deformations even greater departure from the 
elliptical form had been recorded. 

In regard to Dr. Roelig's observations on energy turnover they felt that the 
whole matter hinged on the definition of the term resilience, and they would 
refer him to a previous publication by one of themselves, 

Mr. Turner had mentioned the important question of the complexity of the 
strain distribution in compression test-pieces. They agreed that testing in 
shear had much to commend it and, as pointed out elsewhere, they were already 
testing in that way. Nevertheless compression would continue to be important 
in the rubber field, and the complexity of the strain distribution would have to 
be tackled. That was a field of research in which much more might be done. 

They agreed with Professor Willis that the method of temperature control 
and the jab technique were open to criticism. Those methods had not been 
adopted until extensive trials had proved other methods to be less workable. 
They could not see how the method of temperature control he suggested would 
avoid the need for the jab technique, which was necessary, even at room tem- 
perature, in order to minimize the temperature gradients in the test-piece re- 
sulting from the poor thermal conductivity of rubber. For the varying tem- 
perature work the method used to vary and control the temperature had been 
chosen for reasons of economy of space, time and money. 
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They apologized for the inconvenience they had caused by quoting results 
which did not appear on the graphs in the paper. Those results had been 
added to indicate a generality in the particular trends under discussion. 
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EVALUATING HIGH POLYMER CABLE INSULATIONS 
ON THE BASIS OF LOSS FACTOR PROFILE * 


K. H. Hanne 


Kurrer- Osnasriicx, Geamany 


THE TESTING OF CABLE INSULATIONS 


If we desire to gage the difficulties encountered in judging and testing poly- 
meric insulation, we should remember that, generally speaking, the poorer the 
electric characteristics of these materials, the better will be their mechanical 
and thermal qualities. Perhaps this has not been so noticeable in the case of 
the classic insulating materials, such as rubber and fibers. However, reduction 
in insulating resistance is the deciding factor with soft PVC where, as is well 
known, addition of softener will bring about a corresponding ability to with- 
stand cold and bending. It is therefore necessary in this case to select the type 
and content of softener so that adequate thermal and mechanical characteris- 
tics are attained without loss of electric dependability. Also with other poly- 
mers, the additives used to improve mechanical and thermal qualities are un- 
favorable electrically. 

The test methods used in evaluating cable insulations must make possible 
the stipulation of optimum compounds. Therefore numerous individual tests 
must be made, so as to arrive at reliable conclusions in every respect. Table I 
gives a tabulation of the tests prescribed in Germany for cables with plastic 
insulation and cover. If special requirements must be met such as, for instance, 
resistance to chemicals or to ozone, additional tests may be prescribed. Test 
requirements in other countries are even more comprehensive than in Germany. 

Such extensive tests render more difficult any evaluation of polymeric cable 
insulations. They require much time and effort, especially when series of 
tests are involved in the case of newly developed materials. Inasmuch as each 
test brings out only a small part of the pertinent characteristics of the material 
and none can be ignored, it follows that the overall evaluation becomes difficult. 
It should be in order, therefore, to ask whether it is possible, by means of one 
single measuring method, to obtain at least a comparative survey of all deter- 
mining characteristics of such high polymer insulating materials. 

Potthoff' has mentioned, among other things, that too little use is made of 
the fact that carrying out simple and nondestructive measurements of the fre- 
quency and temperature dependent dielectric loss factor permits a deep insight 
into the characteristics of insulating materials. Actually, this measurement 
affords the means of grasping the most interesting influences involved with the 
least effort. 


THE CHARACTER OF DIELECTRIC LOSS FACTOR IN HIGH 
POLYMER CABLE INSULATIONS 


As we know, the loss factor tg5 = G/wC is defined by the ratio of the true, 
that is the apparently ohmic part G, to the imaginary reactance w( of the di- 
* Translated for Russex Caemisray anv Tecanovocy by E. P. Bonazzi from Kautachuk und Gummi 


Vol. 10, No. 3, pages WT57-65 (1957). Many excellent profile relief photographs for PVC in the original 
article have been omitted. 
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electric material making up a condenser. If we measure it at a given angular 
frequency w = 2nf, where f represents frequency in cps, as a function of tem- 
perature, it will show certain definite maximum and minimum characteristics. 
The same is true if we measure it at a constant temperature, as a function of 
frequency’. Thus, if it is represented by a three dimensional structure in its 
dependence upon temperature and frequency’, there will result a characteris- 
tically shaped profile. 

Figure 1 shows the “loss factor profile’ (Verlustfaktor-Relief) of a soft PVC 
insulation. On the vertical axis, on a linear scale, is plotted the loss factor tgé. 
The horizontal axis across the picture presents the frequency on a logarithmic 
scale for a range of 10' to 10° eps, that is, in 5 decades. The temperature is 
plotted linearly on the horizontal axis, directed toward the rear, for the range 
of 20° to 90°C. We can clearly distinguish three characteristics in this profile. 


TaBLe I 
Tests ror CaBLes witn Piastic INSULATION AND COVER ACCORDING 
TO GERMAN Specirication VDE 0271/1.55 


Electrica! 


Dielectric strength 
Dielectric strength when exposed to moisture 


Mechanical 


Tensile strength 
Elongation 


Thermal 
Aging stability 
Shrinkage 
Constancy under heat and pressure 
Durability for cold coiling 
Durability under cold impact 
Flame resistance 


The conductivity peak.—The loss factor increases with increase in tempera- 
ture and decrease in frequency and apparently tends toward the value ~. 
This is obvious because the frequency w is in the denominator of the defining 
equation. With the vanishing of w the loss factor must become infinitely large. 
What is important is the steepness with which it does this. The behavior of 
part G is responsible for this, above anything else. Part G, however, at zero 
frequency, is nothing else but the reciprocal of the direct current insulation 
resistance. Generally, the direct current insulation resistance is limited by the 
presence of constituents capable of ionization and less frequently by the pres- 
ence of constituents containing free electrons. 

The steepness of the slope in this region of the loss factor profile is, there- 
fore, a measure for the magnitude of the direct current conductivity, regardless 
of whether we are dealing with ions or electrons. Since the loss factor profile 
tends toward the limiting value ~, it forms a peak here. It should be called, 
therefore, the conductivity peak. 

The loss ridge.—If the loss factor of insulating materials were determined by 
the DC conductivity alone, then, according to the defining equation, it would 
approach zero asymptotically with increasing frequency. Actually it never 
goes below a certain minimum value. Beyond this minimum, as the frequency 
increases, at each temperature it goes through a bell shaped curve. The fre- 
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quency corresponding to the maximum in these curves, as well as the height and 
the width at the half value of these curves are distinctive of the particular 
material. 

Within the measuring range selected for these tests there is in general for 
cable insulating materials one such frequency, at which the loss factor goes 
through a maximum. The frequency increases with the temperature. The 
bell shaped curves, measured at different temperatures, in dependence on fre- 
quency, form a ridge which runs at a certain angle to the temperature axis. 


7ore 
60°C 
50°C 
40°C 
30°C 


20°C 


Fic. 1.—-Loss factor profile of a soft PVC cable insulation. 


Note-—-Apply the same scale as for Figure 1 to all PVC loss factor profiles shown. 

Horizontal axis to right: Frequency logarithmic from 10' to 10* eps; 1 graduation equals 1 decade. 
Horizontal axis to rear: Temperature from 20° C to 90° C; 1 graduation equals 10° C, 

Vertical axis: Loss factor on a relative scale; 1 graduation equals 0,02. 


We shall call this the “loss ridge’’. Every section of this surface, parallel to the 
temperature or the frequency axis forms one of the bell shaped curves men- 
tioned above. 

In electrical measurements, the appearance of a bell shaped curve, as a 
function of frequency, suggests generally the thought that one is dealing with a 
resonance curve (Figure 2) such as the voltage in an oscillating circuit. The 
loss factor definition, however, does not justify this concept. 

The important fact is that the frequency behavior of the loss factor in this 
study runs parallel with the mechanical behavior of the material. As is known, 
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Fic. 2.—-Mechanical vibration system and resonance curve 


the mechanical loss factor with ultrasonic excitation also goes through such 
maxima. 

The loss saddle.—Between the conductivity peak and the loss ridge there 
uppears in the loss factor profile a saddle shaped valley. Its bottom runs paral- 
lel with the spine of the loss ridge. The ground level of its base, that is the 
height of the loss factor where it is at its lowest, constitutes a distinctive char- 
acteristic for the material being tested. Of course the same can be said for the 
width of the base. 

The shape of the conductivity peak, of the loss ridge and of the loss saddle 
permit far reaching conclusions in regard to the suitability of dielectric material 
for cable insulation. First, however, it should be explained how such a profile 
can be experimentally obtained. 


MEASURING THE LOSS FACTOR PROFILE 


It helps that the applicable frequency range can be handled with a single 
measuring apparatus’. A commercial RC oscillator G, having a low coefficient 
of distortion, is adequate with a direct balancing Schering bridge B, Figure 3. 


Gs A 


it 


Fie. 3,—Circuit diagram of testing equipment for determination of loss factor profile, G oscillator, B bridge, 
X test object, A cathode ray oscillograph, V pre-amplifier. 
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Fic. 4.-~Measuring condenser. 


The use of the more complicated substitution method is not as yet essential for 
this work. For balancing the bridge, we may advantageously use a cathode 
ray oscillograph A. On the horizontal deflecting plates of the picture tube we 
apply a voltage directly from the oscillator. The vertical plates are supplied 
through a preamplifier V, with the voltage across the resistance in the null 


branch of the bridge. 


There will appear on the screen a Lissajous figure in the shape of a slanted 
ellipse. By balancing the bridge in regard to phase, the ellipse will shrink to a 
straight line. By balancing in regard to magnitude it will tilt from an oblique 
to a horizontal position. The bridge therefore is to be adjusted alternatingly 
in regard to magnitude and to phase until a horizontal straight line is obtained 


on the sereen. 


The measuring unit X must be a condenser. In the simplest case, a sheet is 
prepared from the material to be examined and placed between the plates of a 
condenser equipped with guard rings. In so far as possible the effects which 
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Fia. 5.-~View of testing equipment, circuit of Figure 3. 
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are experienced by the dielectric material during the process of manufacture in 
cable insulation should be simulated. These could vary considerably from 
those prevailing during the making of a test sheet. It would be better, there- 
fore, to cover a copper wire of a given diameter, by extrusion, with a cylindrical 
insulation of the material. Placing this wire in a conductive liquid provides a 
measuring condenser, if we regard the liquid as one of the electrodes and the 
wire as the other. This procedure, however, creates a disturbing influence, 
especially at high temperatures, namely the effect of the liquid on the dielectric 
material. 


200 20°C 

100 

0 

10° 10* 10° 10° 10° 10% He 


Fie. 6.——Family of loss factor curves. 


30°C 


It is therefore preferable to utilize an arrangement for the measuring con- 
denser like that in Figure 4. A layer of the wire is wound around an insulator, 
preferably a ceramic one, and connected to one of the measuring electrodes. 
A second layer is then wound tightly over the first and connected to the second 
electrode. 

Figure 4 shows that between the two metal layers we obtain a mixed di- 
electric material consisting of the material to be tested and air. Consequently, 
the loss factor obtained is not that of the investigated material alone. This, 
however, is not important provided one always employs the same measuring 
arrangement because it is the comparison of the measured values with one 
another and not their absolute amount that counts. 

The measuring condenser is hung in a thermostat which permits the tem- 
perature to be set or varied in an exactly defined way. 
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Figure 5 illustrates the experimental set up. The oscillator and the bridge 
can be recognized. Above the bridge is located the amplifier and between the 
oscillator and the bridge there is the oscillograph. The measuring condenser 
which is attached to the bridge by shielded cables hangs in a cylindrical con- 
tainer whose temperature is controlled by a Héppler thermostat. 


. 


Fria. 7.——-Loss factor profile of German PVC with K value 55; ratio of PVC 
to plasticizer given under each picture 


The measuring is done in the following manner. First at 20° C the loss 
factor is calculated and plotted for the entire frequency range. Then the 
measurements are repeated at 30° C and again, in suitable steps, up to 90° or 
100° C. 

A family of curves is obtained as shown in Figure 6. A Plastilin plate is cut, 
the thickness of which corresponds to the graduation of the temperature scale. 
This plate is given an edge contour to conform to the loss factor curve measured 
at the corresponding temperature. The individual plates are then put to- 
gether. A stepped profile results which, after smoothing of the steps, becomes 
the desired continuous profile. The time required for the measurements de- 
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pends mostly upon the control time for the thermostat. It takes a few hours 
for each specimen. 


SIGNIFICANCE OF THE LOSS FACTOR PROFILE 


A PVC insulation should be the starting point for determining the possibili- 
ties of evaluation of cable insulation by the loss factor profile. 

The PVC types accepted by the cable industry do not ordinarily permit of 
sheathing a wire unless they are plasticized. One PVC type of a special short 
chain variety, however, will allow this. The series shown in Figure 7 is the 
loss factor profile of insulation made from a PVC with an average K value of 
55. This PVC is stabilized with 5% tribasic lead sulfate. It was plasticized 
with diocty! phthalate in a ratio of PVC/softener 100/0, 95/5, 75/25, ete. 


Pia. 8.--Elongation diagram of soft PVC from Figure 7. 


In the PVC with no plasticizer (100/0), neither the conductivity peak nor 
the loss ridge are recognizable. With 5% plasticizer, the losses at high tem- 
peratures suddenly increase many fold. With 10% plasticizer the loss ridge is 
essentially formed. It develops almost at a right angle to the temperature axis. 
This indicates that the electrical characteristics change very rapidly with rising 
temperature. At 15% the ridge swings further around. At 20% it almost 
crosses the 20° C line. At 25% it runs almost parallel with temperature axis. 
It is clear that with the softening of the PVC the sensitivity of its character- 
istics to temperature is mitigated. With increasing plasticizer content, the loss 
ridge and the saddle run more and more parallel to the temperature axis, so 
that the sections plotted for the individual temperatures give almost invariably 
the same picture. 

The added plasticizer causes not only the swinging around of the loss ridge 
but also, at about 15% the development of the conductivity peak. For an 
amount of 25%, the peak exceeds the height of the loss ridge many fold. This 
occurs when such insulations are used at technical frequencies or even for 
direct voltage. At high temperatures, the material becomes practically a semi- 
conductor. 
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The study of the course of the loss surface in relation to the plasticizer con- 
tent becomes significant when compared with the mechanical behavior. Figure 
8% shows the stress-strain curves secured with a conventional tensile tester for 
the compound whose loss factor profile is shown in Figure 7. It is apparent 
that material containing up to 15% plasticizer has high tensile strength but low 
stretch. With 20 to 25% plasticizer, on the other hand, the tensile strength is 
considerably smaller but the stretch many times greater. Thus the transition 
from hard to soft behavior, at a tensile testing temperature of 20° C, lies be- 
tween 15% and 20% softener content. 

Actually, with a plasticizer content of 17.5% the curve rises steeply at first 
as though it might conform to the hard curve but later turns and follows the 
soft curve. A typical hump is formed at the transition point. 

The extremities of stress-strain curves lie on an envelope curve. Of course 
the occurrence of the break in the tensile test, which constitutes the end of the 
curve, depends on many factors, such as unevenness of surface and the tiniest 
inhomogenities of the material, so that its course is evident only with a certain 
degree of deviation. However, it can be determined in a larger series of tests 
in an unobjectionable way. 


60 200 6) §mminn 
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Fia. 9.—-Elongation diagram of soft PVC at various speeds. 


The parallel with the loss factor profile is striking. Between a content of 
15 to 20% softener the loss ridge has swung around to such an extent that it 
cuts through the 20° C line in the applicable frequency range. The stress-strain 
curves, however, are plotted at 20° C. 

During the stretching, in the tensile test, the elemental particles of the ma- 
terial are rearranged and this occurs with a characteristic time constant. There 
exists therefore a relation between this time constant for rearranging and the 
frequency for the maximum loss factor at the test temperature. This relation 
can be further confirmed if the tensile test is carried out at different stretching 
speeds. 

If we assume, generally, that the time constant in the rearrangement process 
is equal to the reciprocal of the frequency for the maximum loss factor at 20° C, 
we arrive at an order of magnitude of 0.1 to 0.01 sec. The stress-strain curves 
are plotted at the usual stretching speed of 250 mm./min. If therefore the time 
constant for the rearrangement is paramount in stretch behavior, the character 
of the tensile curves must also be influenced by a variation in the stretching 
speed. 

Figure 9 shows stress-strain curves for one compound at varying speeds. 
Actually this particular material, at a low speed, shows soft behavior while at 
higher stretching speeds it approaches hard behavior. This proves that from 
a study of the loss ridge in loss factor profiles we can draw conclusions concern- 
ing the mechanical behavior of insulating materials. 
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A comparison of many stretch measurements of PVC, with the correspond- 
ing loss factor profiles, secured in the manner described above, leads to the 
following quantitative statement. If it is desired to attain a stress-strain curve 
such as is recommended by experience for soft PVC compounds for insulation 
purposes, the maximum of the characteristic frequencies, that is the crest of the 
loss ridge, at the applicable temperature, must be above 10 eps. 

This clear assertion enables the simultaneous evaluation from the loss factor 
profile, of the mechanical and thermal behavior since both are closely linked. 
Only when the plasticizer addition is such that the loss ridge intersects the 
20° C line at between 10 and 100 eps can we assume that the insulating material 
possesses the necessary mechanical characteristics. If, in another compound, 
this intersection occurs at higher frequencies, it will show, conversely, the be- 
havior of the first compound at lower temperatures. Thus, it is more resistant 
to cold. 

The thermal characteristics are further influenced by the angle of the loss 
ridge in relation to the temperature axis. The smaller the angle, the smaller 
will be the dependence on temperature of the mechanical characteristics, and 
the smaller the shift of the maximum of the loss ridge for the various tempera- 
tures. 

The higher the frequency for the maximum loss factor, the smaller is the 
time constant for the rearrangement process with which the material particles 
are able to follow a mechanical deformation. Only if the rearrangement occurs 
at a speed sufficiently below the specific rearrangement time constant of the 
material will the material behave as a soft plastic. If it is above, it will behave 
as a hard elastic. 


The transition from hard-elastic to soft-plastic behavior will be sharper, the 
more slender the loss ridge, that is, the smaller the width of the half value of the 
bell shaped curves that form it. Therefore, a soft material whose loss ridge 
rises in a slender fashion and then falls, has a more unequivocally soft behavior 
than if the transition were more gradual and blurred. The slenderer the loss 
ridge, the more the material will prove flexible and pliable in its soft region. 

These conclusions can be confirmed by a few examples. 


EVALUATING CABLE INSULATIONS OF HIGH POLYMERS 
ON THE BASIS OF THE LOSS FACTOR PROFILE 


PVC types.—Figure 7 shows that pure PVC possesses dissimilar, better 
electrical characteristics than soft PVC. However, it cannot be used for cable 
insulations because it is not sufficiently pliable and resistant to cold. The 
range in which the transition from hard to soft behavior occurs is reached when 
19% to 25% parts of plasticizer are added to 100 parts of PVC. 

Figure 10 illustrates a test series made with an emulsion PVC. The ma- 
terial was stabilized exactly in the same way as for Figure 6, but the mixture 
was varied in seven steps, namely, from a PVC/softener ratio of 81/19 to 75/25. 
The softener was dioctyl phthalate. The loss surface reached the 20° C line 
with 22% softener. To obtain a favorable mixture this percentage should not 
be exceeded because the conductivity peak increases and the insulating quality 
becomes poorer with the addition of softener. At 23% the mixture had 
sufficient insulating quality along with safe bending and cold resistance. 

Better results were obtained with a suspension polymerizate, in place of the 
emulsion PVC. Figure 11 shows the same series of tests. The suspension 
PVC was of German origin. The conductivity peak was still quite weak, even 
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with the high (75/25) plasticizer content. The loss ridge was low, meaning 
that the general level of the loss factor was low. This material makes possible 
compounds with very good electrical properties, even if the plasticizer content 
is pushed quite high. However the loss ridge becomes very wide. Therefore 
the mobility of the elemental particles has a wide distribution of time constants. 
The conclusion is, therefore, that this material is harder to process as compared 
with an emulsion polymerizate. 

One may ask therefore how the series of loss factor profiles would look for a 
PVC offering good electrical properties along with greater pliability and ease of 
processing. An American suspension PVC, hardly differed from the previous 
one in the loss factor level, but the loss ridge was noticeably more distinct. A 
certain rise in the conductivity peak must be accepted. It can be plainly seen 
that the simultaneous requirement for a small conductivity peak along with a 
distinct and slender loss ridge can be better satisfied if the loss saddle is wider. 

Another German suspension PVC fell between the behavior of the two pre- 
viously mentioned. There is also another suspension polymerizate, recently 
appearing on the German market, which shows a very distinct loss ridge, mean- 
ing that it offers better processibility. This characteristic is obtained at the 
cost of a larger number of ion carriers, as shown by the relatively higher con- 
ductivity peak. 

Plasticizers.—In order to evaluate the effectiveness of various plasticizers, 
the loss factor profile was plotted with equal quantities of PVC and stabilizer 
contents and with the same addition of different plasticizers. Two mixtures, 
both with 77% of the same PVC and 23% dioctyl phthalate, were compared, 
this latter from two different suppliers. The loss surface of the second was 
slightly shifted toward higher frequencies, so this compound was somewhat 
more resistant to cold. Accordingly, the conductivity peak was greater and the 
insulating resistance correspondingly smaller. Overall, the deviations were not 
great. 

However, when tests were run with the same PVC as in Figure 11 with an 
aliphatic sulfo acid ester as plasticizer large differences could be seen. It was 
confirmed with infrared measurements that the variances in the different 
batches of plasticizer were caused by the use of different types of raw materials. 
The results of these tests, made some time ago, prompted the manufacturer to 
improve the uniformity of his material. 

If it is essential that a certain PVC insulator be especially resistant to low 
temperatures, the plasticizers so far examined would not be satisfactory. One 
insulation expected to pass especially severe cold tests for a foreign country 
was compounded with a special cold weather plasticizer made in Germany. 
The plasticizer content was varied from 32 to 35 per cent. Although the very 
good PVC of Figure 11 was used, the high plasticizer content, which was already 
high in ions, was responsible for a sharp rise in the conductivity peak. A 
compromise was reached by using 34 per cent mixture which, as could be seen 
from the frequency location of the loss ridge, had a high resistance to cold while 
satisfying the insulating requirements. 

At times it may be desirable to use two different plasticizers in a mixture, 
in order to obtain certain definite characteristics. For instance diocty] 
phthalate as a plasticizer is not regarded by mining authorities as being non- 
inflammable. By the addition of tricresyl phosphate or chloroparaffin non- 
inflammability can be attained. Figure 12 shows the loss factor profile of a 
mixture of 75 parts PVC and 25 parts plasticizer. The composition of the 
plasticizer itself was modified, progressively, from 100% dioctyl phthalate and 
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no tricresyl phosphate, to 80% of the former and 20% of the latter and so forth, 
down to none of the former and 100% of the latter. The individual pictures 
show how, with an increased portion of tricresyl phosphate the loss ridge de- 
velops an even greater angle to the temperature axis. This confirms the fact 
that mixtures softened with tricresy! phosphate have a very low resistance to 
cold. The loss ridge, however, becomes more slender and narrower, indicating 
its good softening qualities. The continual rise of the loss ridge with tempera- 


Fia. 12,--Comparison of the effectiveness of two plasticizers; ratio of mixture 75 PVC/25 plasticizer; 
proportion of dioety!l phthalate and tricresy! phosphate as indicated 


ture, in the presence of an increased content of tricresy!l phosphate, is a further 
proof of the greater dependence on temperature of the properties of a PVC 
plasticized with tricresyl phosphate. 

A comparison where chloroparaffin was used in place of tricresyl phosphate 
was interesting. Here too the swinging back of the loss ridge was noticeable 
but the lower effectiveness of chloroparaffin as a plasticizer was easily detected 
because the loss ridge was by far not as slender and narrow as with tricresyl 
phosphate. 

Stabilizers.—The effect of a stabilizer on the loss factor profile can be seen if 
its content in a mixture of PVC is varied. Figure 13 shows a mixture of 77% 
PVC and 23% softener, the PVC portions of which were added 1-3-5-7-9% of 
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a dibasic lead stearate. Apparently 1% stabilizer is not sufficient, as demon- 
strated in the first test, to prevent the liberation of chloride ions in processing. 
As a consequence, a higher conductivity peak is formed. An increase in the 
stabilizer content makes the peak smaller, step by step, up to a content of 7%. 
Thereafter the peak starts going up, proving that from this point on the ion 
carriers, which have been brought into the mixture by the stabilizer itself, 
assert their influence. We could conclude that the addition of 7% of this 
stabilizer is the most favorable. However, it is equally clear that the loss ridge 
broadens as the stabilizer content is increased, showing that a heavy filling with 
stabilizer makes processing more difficult. 

Fillers.—This phenomenon is understandable if we study the effect of 
fillers alone on PVC mixtures. Figure 14 shows a mixture of 75% PVC and 
25% dioctyl phthalate, which was loaded with 0-5-10-15~-20% of filler. The 


Fic, 16.—Loss factor profile Fig. 17.—Loas factor profile Fic. 18.—Loss factor profile 
of insulating rubber compound ; of pure crepe mixture without of butyl rubber insulation; scale 
scale is enlarged five times com- filler; scale is ten times greater is twenty times larger than that 


pared to that for PVC; one than for PVC; one graduation for PVC, one graduation equals 
graduation equal to 0.004. equals 0.002. & 


tests show that the addition of filler widens and flattens the loss ridge and con- 
sequently reduces the conductivity peak. The loss saddle and, simultaneously, 
the loss factor level drop with an increase in the filler content. 

This confirms that the electrical characteristics of PVC mixtures can be 
improved by the addition of fillers but that an increased amount renders the 
processing operation more difficult because, as has been shown already, the 
material is more pliable if the loss ridge is more pronounced. 

Processing.—This all becomes especially clear if this same PVC mixture is 
measured during the various stages of the plasticizing process. This can be 
done by applying insulation to test cables at varying temperatures in the ex- 
truder. An easier way is to measure the same testpiece first in its original 
condition then at different stages of aging. 

Figure 15 shows just such a test. A German suspension PVC, 77/23 PVC/ 
plasticizer was measured five consecutive times and between each of two meas- 
urings on each day it was aged at 100°C. This aging effect has a double result. 
On the one hand it makes the material more pliable, which is shown by the loss 
ridge becoming more slender and more pointed. On the other hand the con- 
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ductivity peak and the level of the loss factor grow considerably with each 
aging period. 

The same circumstances arise if the compound is extruded at different tem- 
peratures. As the material becomes more pliable, the formation of ion carriers 
is increased and it reaches its maximum when the PVC is decomposed. So we 
can see that the loss factor profile in a known compound can be of direct help 
in checking and controlling the most favorable manufacturing conditions. 

Other materials.—-These methods offer the best possibilities of application to 
PVC because PVC always demands definite compromises. But the method 
produces typical contours also in the case of other materials. Figure 16 shows 
the loss factor profile of an insulation rubber compound. Pure pale crepe with- 
out filler has much more advantageous values, see Figure 17. The loss ridge 
lies at very high frequencies, in accordance with the high mobility of this 


F146. 19.—Loss factor pro- 20.—-Loas factor pro- Fic. 21.-Loss factor profile of 
file of neoprene compound ; file of nitrile rubber com- polyethylene cable insulation; scale 
seale is only 1/10 that of pound ; scale is one half that twenty times larger than for PVC; 
PVC; one graduation equals of PVC; one graduation one graduation equal to 0.001, 

0.2. equals 0.04, 


rubber; it runs almost parallel with the temperature axis and confirms high 
resistance to cold. The overall level of the loss factor is low. Note that its 
scale is enlarged five times as compared with the scale of the PVC in Figure 16 
and ter times larger than the one in Figure 17. 

Figure 18 for butyl rubber shows up even more favorably. The low level of 
the loss factor indicates the excellent electric characteristics of the material. 
In this case the scale of the loss factor was actually enlarged twenty fold as com- 
pared with that of the PVC profiles. The loss ridge is distinct and runs almost 
parallel with the temperature axis. Thus, the thermal qualities of this material 
also are excellent. Consequently the conductivity peak is quite flat. 

Neoprene is a strong carrier of ions and therefore in the range of technical 
frequencies it may be regarded as a semiconductor. Figure 19 confirms this. 
The conductivity peak has become a wall but it is interesting to note that be- 
tween the loss ridge which again lies at high frequency, and this wall, a saddle is 
created in which the material still shows tolerable values. Of course the scale 
of this profile, compared with that of the PVC profiles, has been reduced ten- 
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fold. It may be said, however, that neoprene definitely does not have poor 
insulating qualities at all frequencies. The favorable temperature behavior 
will again be noticed as the loss ridge runs almost parallel with the temperature 
axis. 

Somewhat more favorable than neoprene, from the electrical standpoint is 
nitrile rubber, see Figure 20. Here the scale is half that of the PVC profiles. 
Notice, however, the greater dependence on temperature. 

Polyethylene shown in Figure 21 also develops, in the frequency range used, 
a typical profile which permits of some interesting conclusions, for instance, in 
regard to differences between high and low pressure polyethylene. Here, how- 
ever, the findings are in too much of a state of flux and conclusive pictures can- 
not be obtained. The profile in Figure 21 was made with a polyethylene whose 
electrical characteristics were reduced by the use of stabilizers. Pure ICI- 
polyethylene is superior. 

RESULTS 


The presentation of loss factor profiles of high polymer insulating materials 
offers the possibility of evaluating the essential characteristics without further 
tests. Here, again, are the points to be observed: 


1. The lower the loss saddle (and thus the general level of the loss factor), 
the better the general electric characteristics. 

2. The lower the conductivity peak, the better the insulating ability for 
direct current. 

3. The more the loss ridge and the loss saddle run parallel with the tem- 
perature axis, the lesser will be the degree of dependence of all the char- 
acteristics on temperature. 

4. The more distinct and slender the loss ridge, the more plastic the ma- 
terial will behave in processing. 

5. The higher the frequency at which the loss ridge lies, the better the be- 
havior of the material in regard to stretch, bending, and cold resistance. 

6. The wider the loss saddle, the better are conditions 2—4—5 satisfied. 


ACKNOWLEDGMENT AND DISCUSSION 


Note 1. I am indebted to Prof. F. Horst Miller of Marburg for fruitful 
discussion and for his suggestion to use at first neutral identifications for the 
three characteristics of the loss factor profile in place of the names originally 
selected on the basis of the hypothesis under consideration. 

Note 2. At the time this paper was given as a lecture, a different explanation 
was offered for the appearance of bell shaped curves as a function of frequency. 
See Kautschuk u. Gummi 9, WT147(1956). However, in the discussion that 
followed the lecture, it was concluded in this case that we cannot adopt the 
customary interpretation. We propose to handle this subject in a separate 
study, moreso as it has no immediate bearing on our present discussion. Let 
us merely refer to the extensive literature already available on the dielectric 
behavior of insulating materials and on the interpretation of maxima loss 
factors. 
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FRICTIONAL TEMPERATURE RISES 
ON RUBBER 


A. SCHALLAMACH 


Tue Bririsn Russer Provucers’ Researca Association, Wetwyn Crry, 
INTRODUCTION 


The possible bearing of frictional temperature rises on the abrasion of rub- 
ber has been a subject of speculation among those who are interested in the 
wear of tires but lack of data has so far prevented definite conclusions being 
drawn. Rubber does not easily lend itself to such elegant experimental meth- 
ods as that employed by Bowden and Ridler' who made use of frictional con- 
tacts as thermo-junctions. Although theory? gives a qualitative picture of the 
temperature rise as function of external parameters it does not appear to be 
sufficiently advanced for predicting reliably the absolute values to be expected 
during frictional sliding. Some years ago, we carried out measurements of the 
frictional temperature rise on rubber which, though circumseribed in extent, 
may serve as starting point for further considerations. The results are reported 
in this note. It should be stressed that potential high temperature flashes in 
small regions, often referred to as “hot spots’, are outside the scope of this 
investigation. 


EXPERIMENTAL 


The measurements were made by employing as slider a thermo-junction 
pressed against the major face of a rubber disk, 44 inch in diameter and } inch 
thick, stuck to a rotating steel disk. The sliding velocity could be varied both 
by varying the angular velocity of the disk and the radius of the circular track. 
The method of applying the normal load, shown schematically in Figure | (a), 
allowed smooth running up to the maximum velocity of about 400 cm/see but 
had the draw-back that the effective normal load N depended on the magnitude 
of the frictional force F. The geometry of the arrangement was such that 


N = 1.880 W — 0.762 F 


where W is the weight at the end of the lever. The actual variation of the 
normal load for a curve amounted to not more than about 25 per cent. Provi- 
sion was made for measuring the frictional force by means of a spring balance. 

The members of the thermocouple were a 20-gage Nichrome wire, which 
supplied the necessary stiffness, and a 32-gage constantan wire. It is obvious 
that this relatively bulky slider carries away heat from the junction and thus 
reduces its temperature. In order to assess the magnitude of this effect, a few 
experiments were made with the modified thermocouple holder shown in Figure 
1 (b) which embodied a variation of the “guard ring" principle. The Nichrome 
wire was held in a copper rod which was recessed at the end facing the sample, 
and there were now two thermo-junctions: one, as before, at the sliding end 
and the other about 4 inch distant from it. During the experiment the copper 
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Fic. 1.—-Sketch of the apparatus used for the determination of frictional temperature rises. 


holder was heated by a small gas flame until the two junctions were at the same 
temperature and therefore no heat was conducted away from the frictional 
junction ; the recessed end of the holder functioned as radiation shield. Under 
these conditions, the slider simulated zero heat conductivity. It was also 
arranged in these experiments that the normal load was independent of the 
frictional force. 

On starting a run it was found that the temperature reached a maximum 
after a few seconds and then slowly decreased as the track became rough and 
debris reduced the frictional force. All values given in the following graphs are 
the maximum values determined at the beginning of the run, and each point 
was determined on a fresh part of the sample. 


RESULTS 


Figure 2 (a) shows the observed temperature rises above room temperature 
At and coefficients of friction «4 as function the sliding velocity on a sample of 
natural rubber tire tread containing 45 phr MPC black. 
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Average normal loads and their ranges are given in the following table. 


TABLE or NormMat Loaps in Grams 


Average Range Average Range J Range 
Tire tread 34 29-38 72 61-76 136-165.5 
Pure gum 32 28-39 66 62-67 


The guard ring principle was not employed in this case. It will be seen that 
the temperature increases comparatively slowly with increasing velocity. The 
influence of the normal load is remarkably small but this can, in part, be at- 
tributed to the decrease of the coefficient of friction with increasing load. 
When the temperature is plotted against the dissipated energy £, as in Figure 
3 (a), all curves are closely grouped but at a given energy input the temperature 
decreases with increasing normal load. 


150 30 


At “A 
°c 
7?) 


100 34) 


200 300 
Velocity cm/sec 


Fra, 2 (a). 


(32) 


200 300 
Velocity cm/sec 
2 


2.—Frictional temperature rises At and coefficients of friction u; (a4), on a NR tire tread containing 
45 phe MPC black and (6), a NR pure gum compound. The average normal loads in grams are given in 
ets. 
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(66) 


05 0-5 1-0 
E cal/sec E cal/sec 


Fia. 3.--Frictional temperature rises At plotted against dissipated energy E, (a), on a NR tire tread con- 
taining 45 phr MPC black and (b), ona NR pure gum compound. Average normal loads given in brackets. 


Figure 2 (b) gives the temperature rises determined under the same condi- 
tions on a soft natural rubber pure gum compound of Mgoo = 10 kg/em*. Only 
two different normal loads (see Table) were applied here as the rubber tore 
under heavier loads. The results are similar to those obtained with the tire 
tread compound but the temperatures are somewhat lower than before. If 
the values are plotted against the frictional energy consumption, Figure 3 (b), 
all points fall on a single curve within the limits of experimental error. 

Figure 4 illustrates the influence of the heat conductivity of the slider on the 
observed temperature rises. These measurements were made with a natural 
rubber tire tread containing 45 phr HAF black. The graph compares the 
temperature rises obtained without precautions (Curve 6) and when the holder 
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Fia. 4.-—Frictional temperature rise on a NR tire tread compound containing 45 phr HAF black ; (a), heat 
conductivity of the slider eliminated and (6), not eliminated. Normal load 135 ¢. 
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is kept at the same temperature as the sliding junction (Curve a) as described 
earlier. It is seen that the heat conductivity of the slider has relatively little 
effect on the temperature rise and that both curves in Figure 4 have the same 
general character. 


DISCUSSION 


The trend of the temperature vs. velocity curves in Figure 2 conforms 
broadly to the theory proposed by Jaeger? but quantitative agreement is poor. 
For example, Jaeger’s equation (48) derived for a long square slider, which is 
the nearest approach to the present case, predicts that at a velocity of 100 
em/sec the heat conductivity and emissivity of the slider should reduce the 
frictional temperature rise to 45 per cent of the value obtained with a non- 
conductive slider whereas the experimental value is 86 per cent. Empirically 
it is found that the temperature rises very approximately with the square root 
of the velocity ; Jaeger’s equation quoted above gives this result in the limiting 
case of very high velocities. 

The reason for the effect exhibited by Figure 3 (a) that at a given energy 
input the temperature rise increases with decreasing normal load is most prob- 
ably due to the fact that the true area of contact between rubber and slider in- 
creases with increasing normal load. The asperities on the rubber surface 
become more squat as the load is increased and provide better heat conduction. 
This is also the explanation suggested for the lower temperatures on the pure 
gum than on the tire tread although the pure gum has a lower heat conductivity 
than the carbon-loaded compound. . 

The load dependence of the coefficient of friction shown in Figures 2 (a) and 
(b) is a well-known effect; a review of the literature on this phenomenon has 
been given by the author in a recent paper*. The velocity dependence of rubber 
friction is complex. At low velocities, the coefficient of friction increases with 
increasing velocity’** and vestiges of this effect can be seen in some of the 
curves in Figures 2 (a) and (b), The subsequent decrease of the coefficient of 
friction with increasing velocity is generally taken to be an established fact but 
the experimental evidence is based mostly on measurements carried out with 
tires®’. It will be noticed that the coefficient of friction of the pure gum com- 
pound becomes constant at high velocities. 

The data given in this note emphasize the following fact. A frictional slider 
is heated by the dissipated frictional work and cooled by the oncoming parts of 
the track. In the case of nybber, this cooling effect appears to be very impor- 
tant and greater than predicted by theory. Estimates of temperature rises 
based on formulas which neglect the cooling effect, such as have been made by 
Gehman, Wilkinson and Daniels*, may therefore be expected to be greatly 
exaggerated. 

This work forms part of a program of research undertaken by the Board of 
The British Rubber Producers’ Research Association. 


SUMMARY 


Frictional temperature rises and frictional forces on rubber at velocities up 
to about 400 cm/sec and under various normal loads have been determined by 
employing a thermojunction as slider. In the experimental velocity range, the 
frictional temperature rises increase approximately proportional to the square 
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root of the sliding velocity. The finite heat conductivity of the slider has been 
found not at affect the results materially. The temperature rises when plotted 
against the dissipated frictional energy lie on closely grouped curves. Co- 
efficients of friction as function of load and velocity are given. 
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THE ACTION OF FINELY DIVIDED SOLID SUBSTANCES 
ON ELASTOMERS * 


F. EnpreR AND H. WEsTLINNING ! 


Devuracue Goto Stteer FrRankrort-am-Main, Germany 


The effect of fillers—carbon black as well as inorganic fillers—on the vul- 
canization process and the industrial properties of rubber depends not only on 
the chemical nature of the filler, but also on its surface structure. Filler-rubber 
interaction is described and interpreted as a polarization phenomenon. 


INTERPRETATIONS OF FILLER-RUBBER INTERACTIONS 


The production of filled vulcanizates from natural rubber or synthetic 
elastomers involves the dispersion of finely divided solid substances which sub- 
stantially affect the physical properties of the finished vulcanizate by interaction 
with the molecules of the polymer phase. These additions were originally in- 
tended to extend the rubber and thus to lower the price of the products. They 
were therefore called “fillers”. However, in view of the fact that certain pig- 
ments improve the service properties of the endproducts, reference was sub- 
sequently made to the reinforcement of rubber by “active” fillers. The terms 
“reinforcement”, “reinforcing filler’, “filler activity’’ and others were derived 
from the practical experience of the rubber technologist. They characterize 
complex, nonuniform phenomena, and have therefore frequently led to a great 
deal of confusion. Thus, depending on the intended industrial use of a vul- 
canizate, the term reinforcement can mean for the rubber technologist an 
increase in the modulus and the tensile strength at break, plus increased resist- 
ance to tear propagation, abrasion resistance or even just hardness. The 
effects accompanying the working in of finely divided solid substances into 
natural or synthetic rubber will be designated here merely as ‘‘filler-rubber in- 
teraction”. 

The fillers used were almost exclusively various types of carbon black. 
Within the last two decades a number of inorganic substances', often simply 
referred to as ‘white fillers’’, have been added. 

Although filler-rubber interaction has been utilized in industry for nearly 
40 years, the processes involved are not yet clearly understood. Improvements 
in the action of the fillers, in terms of the efficiency of the resulting vulcanizates, 
have almost always been achieved empirically. Repeated attempts have been 
made to organize the ever increasing fund of individual observations so as to 
arrive at a basis for formulating a general theory. Lehl* recently summarized 
the various concepts. 

* Translated from Angewandte Chemie, Vol. 69, No. 7, pages 219-226 (1957). The basic ideas for this 
paper were presented by F. Endter during the seminar on, “Advances in Rubber Technology’ held at Delft in 
1953, and in more expanded form by H estlinning at the Bad Nauheim session of the Society of German 
Chemists, Synthetic Substances and Rubber Division, in 1956, as well as before the “Gordon Research 
Conference on Elastomers" of the American Association for the Advancement of Science held in New 
London, N. H., in 1956, See also F. Endter: Degussa-Featechrift: “Aus Forschung und Produktion” 


(Research and Production), p. 274 (1953). Dr. A. Boettcher and Dr. Ing. W. Schuler periodically took 
part in formulating the concepts presented here. 
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One of the controversial questions is whether the forces involved in filler- 
rubber interaction are physical or chemical in nature. In keeping with modern 
views on the nature of the chemical bond and the fine structure of substances 
the conclusion is inescapable that both forces are involved. 

The investigations begun by Hock and continued by other authors, espe- 
cially by Rehner’, in which filler-rubber interaction is treated thermodynamically 
are extremely difficult because of the uncertainty of the measurable thermody- 
namic quantities in vuleanizates. It is particularly difficult to evaluate the 
results in terms of the effects of fillers. 

A much discussed theory by Stearns and Johnson‘ was based on the change 
of thermodynamic quantities in the elongation of filled vuleanizates. Accord- 
ing to these authors, the interplay of forces between filler surface and polymer 
phase cannot be sufficiently explained by van der Waals’ forces. They decided 
that the nature of the filler-rubber interaction is classically chemical, assuming 
as they did that at the surface of carbon black particles there are ethylenelike 
double bonds, perhaps reacting with sulfur and thus building up a direct main 
valence bond between the carbon black particle and the rubber. Stearns and 
Johnson attempted to detect these double bonds calorimetrically by bromine 
addition, the energy of addition of about 10 keal. corresponding to the magnitude 
of bromine addition to lower olefins. 


According to our observations, the theory of Stearns and Johnson only 
partially describes the nature of the filler-rubber interaction or of the processes 
that occur during vulcanization. Upon testing a carbon black which had re- 
acted with sulfur to the point of saturation, and which had taken up 8 per cent 
of sulfur, it was found in order to compound a vulcanizate with comparable 


mechanical properties as obtained with the original black the normal amount of 
sulfur had to be added to the mix as vulcanizing agent. The relatively high sul- 
fur proportion already present in the carbon black is therefore not used up in the 
vulcanization process. However, according to Stearns and Johnson®, one would 
expect the sulfur taken up by the reactive sites on the black surface to be re- 
sponsible for a marked difference between mixtures with standard and sulfurized 
carbon black. It was found that, in the test mixture with sulfur reacted carbon 
black, vulcanization merely started earlier and that the finished vulcanizates 
were somewhat more resilient. 

The same results with respect to onset of vulcanization and modulus of 
elasticity can moreover be achieved with silica mixtures, e.g., Aerosil, a pyro- 
genic silica of about 20 my average particle size. The sulfur required for vul- 
canization was added by coating the filler surface. In this case the total 
amount of sulfur was available for subsequent vulcanization. 

The Stearns-Johnson observations thus must refer merely to carbon blacks 
and cannot be applied directly to inorganic fillers. 


STRUCTURE OF FILLERS 


The following hypothesis describes the action of finely divided solids in 
general and is therefore equally applicable to carbon blacks and inorganic fillers. 

The fact that substances of very different chemical structure, such as carbon 
black, on the one hand, and the whole series of inorganic fillers, on the other, 
have fundamentally similar—in some specialized cases even identical—effects, 
suggests the assumption that this action is due to forces of a general nature, 
depending only to a limited extent on the chemical constitution of the sub- 
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stance in question. Noteworthy effects are due not only to the fine division 
of the fillers*, but also to rearrangements of the crystalline structure. 

For example, the x-ray diffraction structure of carbon black differs greatly 
from that of graphite’. 

Whereas the carbon atoms in graphite are arranged hexagonally in indi- 
vidual lattice planes and these lattice planes follow a set pattern and are mutu- 
ally oriented along the c-axis, the arrangement in carbon black is maintained 
only within the individual lattice planes, whereas the mutual position along the 
c-axis has angular deviations of such magnitude that x-ray interaction over 
considerable distances is no longer possible. This is expressed in the x-ray 
diagram by the omission of all interferences resulting from lattice plane posi- 
tions inclined toward the c-axis. In the above-described rotation of lattice 
planes toward each other, such surfaces no longer exist. 

The carbon black diagram reveals only the interferences indicated as hkO, 
which originate in the individual lattice plane, and interferences of type OOI, 
which result from the approximately equal distance of the plane along the 
c-axis. Moreover, all lines in the carbon black diagrams appear broad and 
diffuse, indicating that the coherently dispersed areas are very small. On the 
basis of these results, Warren* developed the model of parallel layer groups and 
of “turbostratic structure’, according to which the mutual position of lattice 
planes is supposed to be completely arbitrary. Yet the morphological results 
obtained by means of the electron microscope indicate a somewhat more regular 
arrangement in which the angular deviations are just large enough to prevent 
roentgenographic interplay, preserving more or less intact the hexagonal form 
of the particles. 

The structural conditions are similar in Aerosil, a most effective reinforcing 
white filler. Ninety-nine per cent of the filler consists of silicic acid, but does 
not exhibit any of the known lattices of crystalline silicon dioxide, but only a 
blurred central ring having a diameter approximately equal to the mean dis- 
tance between O atoms. The structure of Aerosil thus resembles the arrange- 
ment of SiO, in glass which is assumed to be arranged in the form of chainlike 
linkages of SiO, tetrahedrons of varying length and little reciprocal orientation. 

Conditions are quite similar in the case of aqueous, precipitated silicic acids 
also found to be effective in rubber. 

Heat treatment of the fillers reduces or completely eliminates the filler- 
rubber interaction in carbon blacks* as well as in the silicic acids mentioned. 
X-ray examination during this process reveals that the structures tend towards 
a more highly developed arrangement; in the case of carbon black eventually 
there develops a graphite structure and in the case of silicic acid a cristobalite 
structure. In such investigations, to be sure, the change of particle size is very 
small, 


RECIPROCAL FILLER-RUBBER EFFECT 
AS POLARIZATION EFFECT 


Inasmuch as the reciprocal action of filler and rubber always takes place at 
the filler-rubber boundary, one must consider the peculiarities at the surface of 
particles whose inner structure is quite amorphous. The following considera- 
tions apply in principle to substances built up of ions of opposite charge as well 
as to substances with homopolar bonds in their structural elements. Differ- 
ences in the conclusions do not affect the fundamental points of interest here. 

A substance built up of ions is given here by way of example, since the condi- 
tions will thus be more readily understood. In such a crystal, positively and 
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negatively charged ions are arranged in alternate sequence, this periodicity 
being continued in all three dimensions. 

Calculation according to Kossel"® for the electrostatic field along an indi- 
vidual chain of ions indicates that the field next to the chain falls off extremely 
rapidly, i.e., the electrostatic forces perpendicular to the chain of ions disappear 
very fast. At the ends of the ionic chain, however, there are extensive fields 
which determine the nature of the entire outward arrangement. 

Kossel points out that these relationships have long been overlooked and 
the field distribution quantitatively misjudged. Thus the chemical forces 
acting always only at the shortest distance were not thought explicable by 
Coulomb's law of electrostatic attraction because of the latter's great range. 

Wherever a lattice line at the surface of a crystal is not complete or where one 
structural element is omitted within a closed lattice plane, the electrostatic field 
along the surface of the substance is disturbed. On further growth of the 
crystal, as in saturated solution or in the gaseous phase, further structural ele- 
ments attach themselves preferably at these points. By increasing the mobility 
of the particles bound in the lattice, as by raising the temperature, points of 
instability are occupied by atoms or ions arriving there by surface diffusion or 
other rearrangement processes, the disturbances are compensated and the 
course of the electrostatic potential at the surface levels out. 

The characteristic of substances so disarranged is therefore the presence of 
numerous points of instability in the course of their electrostatic surface po- 
tential. It is necessary to try to find some connection between this fact and the 
processes of the filler-rubber interaction. 

Filler-rubber interaction is most pronounced only when the molecules of the 
polymer phase contain a considerable number of double bonds. The effect of 
finely divided fillers, e.g., on silicon rubber and similar substances, is likewise 
comparatively slight. On the part of the polymer phase, the C=C bond must 
therefore be investigated as the site of the filler-rubber interaction. 

The w pair of electrons of the C=C bond can be shifted to the point where 
it enters completely into the electronic structure of one of the carbon atoms, an 
octet interstice developing in the other carbon atom. By induction, further 
double bonds can be polarized. Polarization of a double bond is expressed by 
the following formula: 


CH, 


Polarizing Field | 


According to this formula, the double bond of a rubber molecule can be made 
to move so close to the surface of a filler particle as to bring it within the range 
of marked instability of the electric surface field. It is polarized, and under 
favorable steric or geometric conditions its own distortion is transferred to a 
second rubber double bond, with the result that in extreme cases the single 
pair of electrons of a carbon atom formed by polarization enters into the octet 
gap of a second carbon atom, likewise formed by induction. The double bond 
polarization and the formation of higher molecular compounds is represented 


| 
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schematically by the following reaction steps: 
a) CH; H CH, 


| 
bu, CH, CH, CH, 


j 


R 


b) CHs H CH, CH, H 


CH: Hy CH, CH, CH, 
R k oR 
CH, H CH, HCH, 
| 


| 

CH: Ou CH, CH, CH, 

| 

R R R R 


BOUND RUBBER 


The concept of double bond polarization and the formation of large mole- 
cules is in harmony with the phenomenon of “bound rubber’’. When rubber is 
mixed with finely divided fillers, a portion of the polymeric phase changes in 
such a way that it can no longer be removed by subsequent protracted extrac- 
tion, e.g., with benzene, in contrast to the unchanged part. This changed por- 
tion appears to be “bound” to the filler. It has been established by means of 
exhaustive tests with the electron microscope" that the insoluble phase is not 
exclusively localized at the filler surface, but, emanating from the latter, forms 
a more or less close-meshed three-dimensional lattice containing, before ex- 
traction, the unchanged and consequently still soluble rubber in its interstices. 

The quantity of bound rubber forming under comparable conditions is a 
characteristic of both the filler used in each case and the high polymer (see 


Table I). 
TaBLe I 


Bounp Russer Data or Some Fitters 1n 
AND SYNTHETIC RUBBER 
Natural rubber Synthetie rubber 
Filler (First crepe) (Cold rubber) 

Flame black (Durex 0) 18.7 12.7 
Gas black (CK 3) 63.2 35.6 
Furnace black (ISAF, Corax 6) 60.4 49.8 
Silicic acid types containing 

calcium (Calsil) 33.9 6.0 
Alumina gel (As 7) 36.1 6.9 
Precipitated silicic acid 

(Durosil) 49,2 21.9 
Pyrogenically prepared silicic 

acid (Aercail) 70.9 49.6 
Aluminum oxide (Al,0;/P) 11.8 3.7 
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With the exception of No. 7, the mixtures contain 30 parts by volume of 
filler to 100 parts by volume of polymer. The Aerosil mixture contains only 
15 parts by volume because of the marked interaction characteristic of this 
filler. Extraction, in this instance, was for 14 days at 25° C, with benzene. 

The bound-rubber portions formed from the various filler-polymer pairs 
vary not only in amount, but also very much qualitatively. For example, in 
the systematic processing of the silicic acid series prepared under varying condi- 
tions, substances were discovered that form approximately the same amount of 
bound rubber as the silica Durosil, listed as No. 6 in Table I. They differed 
only very slightly from the indexes of this reference substance with regard to 
the surface determined by the BET method, the particle size, the distribution 
of particle size and the filler dispersion in the mixture proper. However, during 
determination of bound rubber, the samples filled with them exhibited only 
about one third the swelling capacity of that of the reference mixture with Duro- 
sil. This indicates marked structural differences of the bound-rubber types. 

A further anomaly of these experimental fillers is that during continued 
mechanical processing the viscosity of the filler-rubber mixtures prepared with 
them increased, in contrast to standard findings, and the complete mixtures 
prepared from them could not be vulcanized in spite of high sulfur doses and 
accelerators. 


THE EFFECT OF VARIOUS FILLERS ON THE 
COURSE OF VULCANIZATION 


These results indicate the existence of filler surfaces which, because of special 
characteristics, have such a marked effect on the state of the rubber molecule 
as to interfere with or completely inhibit the course of vulcanization. 

In order to obtain a differentiated picture of the effect of fillers on the course 
of vulcanization, typical representatives of a wide range of industrial rubber 
properties were compared in a standard formulation (see Table II) containing 
only such additions as required for vulcanization. 


Il 
Compound FORMULATION 
Vulcanization temperature 134° C—Heating time 10-70 minutes 


Parts by volume 
Smoked sheets 100 
Filler 15 
Stearic acid 2 
Zine oxide (Rotsiegel) 3 
Sulfur variable 
Accelerator variable 


The increase or decrease in time elapsing up to the start of vulcanization was 
measured in terms of Mooney scorch time. 

This coefficient is determined in the following way: a standardized disk- 
shaped rotor is made to run through a test mixture kept at a definite tempera- 
ture; the factors to be determined are the moment of rotation required for 
maintaining an equal number of rotor revolutions, and the time elapsing up to 
the attainment of definite values for the moment of rotation. Two convention- 
ally defined factors are thereby determined, which are designated as ‘Mooney 
scorch” and “Mooney cure time’’. For further details see 
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It can be seen that the effect of fillers on the start of vulcanization varies 
considerably. Kaolin and zine oxide (Rotsiegel) have a slightly retarding 
effect, as compared to the unfilled mixture. Gas black CK3 shortens the scorch 
time considerably. Champagne chalk (a ground natural product) shortens 


the scorch time, but only negligibly so, whereas the above very finely precipi- : 
tated CaCO, has nearly the same effect as carbon black CK3. Vulcanization a 
is distinctly delayed as the effect of light fillers on industrial rubbers increases, 2 


Fig. 1.—Structure of graphite and of carbon black, Projection along the c-axis. (Taken from F. 
Endter: “Zur Struktur der teehnischen Russe” (The Structure of IndustrialgCarbon Blacks), Z. anorg. 
Chem, 263, 191 (1950). 


Fria, 2.—X-ray diagrams of i. (a), gas black CK3 (b), finely divided silicie acid Aerosil (¢) and 


Cristobalite (d). (Taken from F. Endter: ‘Weisse KautschukfOllstoffe und ihre verstarkende Wirkung” 
(White Rubber Fillers and their Reinforcing Effect), Deguasa-Festachrift: Aus F orechung und Produktion,"’ 
1953, p. 274. 


beginning with Calsil and continuing with Durosil and Aerosil. (Note the 
dosage of vulcanizing agents.) 

The effect of fillers also concerns the rate of cure. In Figure 4, the data for 
tensile strength at break and modulus of identically synthesized mixtures are 


recorded as a function of the time of cure. oa 
The mixture with champagne chalk exhibits standard vulcanization be- a 
havior. In the series Calsil, Durosil, Aerosil, vulcanization is strongly retarded, . 
to the point where the Aerosil mixture can no longer be vulcanized under the < 
prevailing conditions. Figure 5 shows how the strongly retarding effect of ‘ 
silicic acid can be compensated by a drastic increase in vulcanizing agents. e 
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The cure-delaying effect of certain white fillers, especially of silicic acid, has 
been known in practice for some time. Because of the acidic nature of silicic 
acid, the effect was believed to be due to its neutralization of the usually basic 
accelerators or to an especially strong adsorption to the extensive filler surface 
(Aerosil 175 sq.m./g.; carbon black CK3 95 sq.m./g.). This theory can be 


@G 


AN S 


Fie. 3.—Electrostatic field of a chain of eight alternately positive and negative equally strong ions, after 
W. Kossel. (Taken from W. Kossel: “Gerichtete chemische Vorginge Auf—und Abbau von Kristallen” 
(Directed Chemical Proceases—Synthesis and Degradation of Crystals), Chemie 56, 33 (1943). 
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Fia. 4.—Tensile strength at break (broad hatching) and moduli (300%) (fine hatching) of structurall 


similar mixtures as a function of vulcanization time. Abscissa: Champagne chalk, Calsil, Durosil, Aerosil, 
minutes heating time, 50 parte by weight. 


disproved by simple experiment: approximately half the amount of accelerator 
provided for a standard mixture was deposited on the surface of the Aerosil 
before processing. Especially favorable conditions are thereby established for 
neutralization and adsorption processes between filler and accelerator, and com- 
peting reactions are eliminated. It was found that vulcanization begins very 
much earlier in the case of Aerosil pretreated with accelerator. The total ac- 
celerator portion had to be reduced by 25% in order to approximate the vulcan- 
ization behavior of the control mixture. Similar effects on start and course of 
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vuleanization were observed when approximately half the sulfur proportion 
provided in the standard mixture was deposited on the surface of the silicic acid. 

It therefore appears to be quite certain that the effects of the fillers observed 
on the course of vulcanization are of primary nature and are not due to any 
secondary reactions. 


300 


P| | 
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Fia. 5.—Tensile strength at break (broad hatching) and moduli (300%) (fine hatching) as a function of 
vulcanization time for mixtures in which the ave’ vulcanization dose 4 formulated in accordance with 
the properties of the individual fillers. Abscissa: pagne chalk, Calsil, Durosil, Aerosil, minutes heat- 
ing time, 50 parte by weight. 


EFFECT OF FILLER SURFACE ON THE 
COURSE OF VULCANIZATION 


More finely differentiated filler-rubber interaction can be observed by merely 
varying the surface of the same filler within relatively narrow limits. It is 
known that furnace carbon blacks differ from the channel grades chiefly by an 
accelerating effect on both initiation and course of vulcanization. These differ- 
ences originally led to noticeable interferences with production which could not 
be satisfactorily explained. Differences in pH values determined in aqueous 
suspensions were regarded as the essential factor. The pH value of a carbon 
black, determined in aqueous suspension, can be varied by the amount of vola- 
tile constituents” bound to its surface. Thus, e.g., from 2 to 12% volatile con- 
stituents can be produced in the case of gas black CK3 by treatment at very 
high temperatures, as a result of which the pH value shifts simultaneously from 
values of about 10 to values of about 5. These processes are accompanied by a 
strongly delaying effect on the onset and course of vulcanization. However, 
this is not due to the decrease in pH but to an accumulation of volatile constitu- 
ents in the form of CeO, —-COOH and other groups bound to the carbon black 
surface which act as an insulating layer between the carbon black surface and 
polymer phase. Bare carbon black surfaces have the greatest accelerating 
effect on vulcanization processes. 
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Further evidence that it is not pH but rather the volatile constituents that 
are responsible for the above-discussed effect is provided by the fact that two 
experimental carbon blacks, the pH values of which were maintained at 3.7 and 
9.6 by differences in drying at low temperatures, had an identical effect on the 
course of vulcanization in the mixture. 

The data of interest in this connection are compiled in Table IV. 


Taste UI 
Errecr or Fitters ON ONSET OF VULCANIZATION* 


Mooney- Mooney- 
scorch cure 
time, time, 

minutes minutes 


Accelerator® 


Without filler 0.8 CZ 
Kaolin 0.8 CZ 
Zine oxide (Rotsiegel) 0.8 CZ 
CK 7 


K 3 0.8 CZ 
Champagne chalk 0.8 CZ 
Calcium carbonate, precipitated 0.8 CZ 
Calcium containing silicic 

acid (Calsil) 1.3 
Precipitated silicic acid 

(Durosil) 0.9 CZ-1.2H 2.5 
Pyrogenically prepared 
silicic acid (Aerosil) 2.8 4.5 


ad 


* Vuleanization sgent in parts by weight per 100 parte by volume of rubber. , 

*CZ = accelerator of the Farbenfabriken Bayer, Leverkusen, a conversion product of mercaptobenzo- 
thiazole and cyclohexylamine. H = hexamethylenetetramine. 

« For other compounds, see Table LI. 


Tasie IV 
Cannon Briacks* PH AQuéous SusPENSION, VOLATILE 
Constituents, Errect ON OnseT OF VULCANIZATION 
Mooney- Mooney- 
Volatile scorch eure 


constituents, time, time 
% pH min. min. 


MPC 8.2 5.0 { 24 
HAF 2.3 9.2 14 
CK 3 1.9 9.7 13 
CK 3 5.6 5.0 19 
CK 3 12.0 4.9 
ISAF -- 3.7 22 
ISAF —_ 9.6 21 
*MPC: medium processing channel black; HAF: high abrasion furnace black; ISAF: intermediate 
super abrasion furnace black 


In contrast to the volatile constituents chemically bound to the carbon 
black surface, extractable condensate of tar-like hydrocarbons have no effect 
at all on the course of vulcanization since on mixing the carbon black into the 
rubber they dissolve in the polymer and expose the carbon black surface. 

The degree to which the type of filler affects the physical values of the vul- 
canizate is reflected by the data for tensile strength at break and 300% modulus 
(Figure 6), resistance to tear propagation (Figure 7), abrasion loss (Figure 8), 
Shore hardness and resilience (Figure 9) for an unfilled stock and for mixtures 
with flame black Durex 0, furnace black Corax 6 (ISAF), natural chalk, alumina 
gel As 7 and Aerosil. 


30 36 
32 39 
37 47 
14 17 
26 32 
17 26 
25 35 
26 38 
33 39 
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Fria. 6.—Tensile strength at break (broad hatching) and moduli (fine hatching) at 300% elongation. 
Abscissa: unfilled mixture, Durex 0, Corax 6, Champagne chalk, As 7, Aerosil, minutes heating time, 25 
parte by volume. 
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Fic. 7.—Resistance to tear propagation (notch tear resistances). Abscissa: unfilled mixture, Durex 0, 
Corax 6, Champagne chalk, As 7, Aerosil, minutes heating time, 25 parte by volume. 


The data reproduced in Figures 6 to 9 are represented as a function of vul- 
canization time. They were obtained from mixtures which uniformly contained 
25 parts by volume of filler to 100 parts by volume of rubber. 

In contrast to inorganic fillers, the carbon blacks predominantly increase 
the modulus in natural rubber. The effect is particuarly marked on the resist- 
ance to tear propagation (notch tear resistance), which appears to be closely 
coupled with the particle size, but is entirely independent of the general nature 
of the substance. Shore hardness and resilience are approximately inversely 
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Fia, 8.—Shore hardness (above) and resilience (below). Abscissa: unfilled mixture, Durex 0, Corax 6, 
Champagne chalk, As 7, Acrosil, minutes heating time, 25 parts by volume. 
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Fra. 9.—Abrasion losses after DVM. Abscissa: unfilled mixture, Durex 0, Corax 6, Champagne 
chalk, As 7, Aerosil, minutes heating time, 25 parts by volume. 


proportionate to each other. The effect of the fillers on abrasion losses is very 
marked, 
A study of the physical data in Figures 6 to 9 clearly reveals the problems 
concealed in the above-discussed concept of reinforcement of rubber by fillers. 
On re-examining the above-described concept of polarization of double 
bonds in rubber or in rubberlike substances under the influence of the electro- 
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static fields of the filler surface, the variety and differentiation of phenomena 
becomes more understandable; it must be remembered that the formation of 
new homopolar bonds between C atoms merely represents a borderline case, 
and at that one requiring a specific chain-breaking reaction for its stabilization. 
On the way to these extreme cases a variety of intermediate stages are con- 
ceivable, their probability depending on the peculiarities of a specific filler 
surface, the volumetric ratio of filler and rubber in the mixture, the preparation 
of the mixture proper and other factors. 

Depending on the type of filler used, a characteristic spectrum of the double 
bond polarization stages will be established in the unvulcanized mixture. The 
details of this spectrum determine the course of vulcanization and therewith 
the attainment of certain final stages, which in turn account for the physical 
properties of the finished vulcanizate. 

The theory of double bond polarization also makes it comprehensible that 
filler mixtures such as, e.g., carbon black and fine silicas act on rubber like a 
uniform filler with specific properties, and not as though two individual effects 
had been added. The filler surfaces present side by side thus exhibit a char- 
acteristic polarization stage. 
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Fie, 10.—Bound-rubber formation in a mixture of 15 parts by volume of Aerosil per 100 parts by volume 
of natural rubber as a function of storage time. 


The development of crosslinks by double bond polarization presupposes the 
involvement of geometrically favorable double bond positions. These processes 
must be expected to proceed at a much slower rate in a strongly viscous medium 
such as rubber. Thus it is observed that bound-rubber development continues 
for a long time after completion of the mixing process. Figure 10 illustrates 
the conditions for an Aerosil mixture filled with 15 parts by volume to 100 parts 
by volume of natural rubber. The time axis is divided logarithmically. Even 
after 8 months bound rubber continues to develop. Thus, intermediate stages 
on the way to the borderline case of crosslinking are encountered constantly. 
Yet, as has been pointed out above, these intermediate stages are characterized 
by molecular arrangements somewhat in the nature of radicals. This means 
that the rubber molecules, under the influence of forces emanating from the 
filler surface, are maintained in an unstable reactive state which enhance the 
process of vulcanization. 

According to Watson", free radicals are formed in the mechanical processing 
of the rubber-filler system by breaking rubber chains. These free radicals are 
presumed to form strong bonds with the surface of the filler particles. A con- 
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sequence of this reaction is the formation of an insoluble network of rubber 
(bound rubber). Certain of our observations conflict with this theory. We 
found that the network of bound rubber is not created on the mill, i.e., at the 
moment when, according to Watson, the greatest number of radicals should be 
available, but only after completion of the mixing, when the system has come 
to rest. A sample of an Aerosil batch taken directly from the mill and placed 
in benzene, completely dispenses after a short time. However, if 20 minutes 
elapse before adding to benzene, the same batch does not disperse but yields 
a gel swollen to a very high volume. Standard conditions are established only 
after prolonged storage between mixing time and beginning of extraction. The 
results in Figure 10 indicate that bound rubber formation does not stop even 
after many months of storage and suggest that extremely long-lived free radicals 
must be involved. 

One might be inclined to consider bound rubber as a general index of the 
filler-rubber interaction. However, the same high-grade industrial vulcanizates 
can be prepared from aluminum oxide Al,O;/P, (see Table I) which has a bound- 
rubber index of only 11.8 or 3.7% as from Aerosil, which has the highest of all 
bound-rubber indexes. Extensive crosslinking due to filler is therefore ob- 
viously no prerequisite for the development of highgrade vulcanizates, but 
merely represents the limit of development caused by double bond polarization. 


SUMMARY 


The most important conclusions drawn from the concepts discussed can be 
summarized as follows: 

1. The interaction between instability points of the electrostatic surface 
potential of fillers and the electronic structure in rubber or rubberlike sub- 
stances leads—as a result of Coulomb's attraction between surface field and 
induced dipole moment—to at least temporary fixation of rubber molecules at 
the filler surface. 

2. Polarization of the double bond is linked to a very slow process of molec- 
ular rearrangement. 

3. The rubber molecules are constantly maintained in an unstable reactive 
state under the polarizing influence of the filler surface. 

4. In the limiting case, double bond polarization leads to formation of new 
C—C linkages. The resulting high molecular compounds are closely related 
to the phenomenon of bound rubber. 

5. The partially polarized state of the double bond is a function of the sur- 
face properties of the fillers. It has a substantial effect on the start and course 
of vulcanization. 

6. The excitation conditions of the rubber molecules, which vary from 
filler to filler, appear to be the cause of the filler-specific properties of vulcani- 
zates. 

To complete the picture of the interaction between filler and rubber, allow- 
ances must be made for a number of other factors. Specifically, chemical 
groupings at the filler surface will play their specific part in addition to the 
general processes, just as van der Waals’ forces must not be disregarded in the 
adhesion of rubber molecules to the filler particles. However, the broad course 
of what happens in the interaction of filler and rubber seems to be determined 
by the processes described. 
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EFFECT OF CIS-TRANS RATIO ON THE PHYSICAL 
PROPERTIES OF 1,4 POLYBUTADIENES * 


J. N. SHort, V. Toornton, anp G. Kraus 


Perroteum Company, OKLAHOMA 


INTRODUCTION 


The use of stereospecific catalyst systems has made possible the preparation 

of elastomers in relatively pure isomeric forms'~* and it is of obvious interest to 
inquire into the effects of structural changes on the physical properties of their 
vulcanizates. 
"'] ~The present study was undertaken to correlate the important physical prop- 
erties of gum and black vulcanizates of 1,4 polybutadienes with the cis content 
of the base polymer. For this purpose ten polybutadienes were prepared which 
ranged from 95 per cent cis to nearly 100 per cent trans configuration. All but 
the latter sample were compounded in conventional sulfur systems and vulcan- 
ized, Comparisons were made at essentially constant crosslink density, as 
determined by the swelling method®’ and also at equal modulus. The high 
melting point and plastic nature of the one very high trans polybutadiene inter- 
fered with convenient processing techniques, and as a consequence limited 
physical properties were obtained on unvulcanized compression molded speci- 
mens in this case. 


EXPERIMENTAL 


Preparation of the polymers.— Most of the polybutadienes used in this work 
were prepared in hydrocarbon media by means of heterogeneous catalysts. 
Polymerizations were conducted in closed containers at constant temperature 
until high conversions were achieved. The reactions were terminated and the 
polymers isolated by coagulating the reaction mixtures in isopropanol. The 
coagula were washed with water for several minutes on a wash mill, where 
finally one per cent of phenyl-2-naphthylamine, based on the polymer, was added 
as antioxidant. All samples were dried overnight in a vacuum oven at 140° F 
(60° C). Emulsion polybutadiene and 72/28 butadiene-styrene controls were 
prepared in a conventional 41° F (5° C) sulfoxylate-activated system. These 
were coagulated with alcohol, redissolved in benzene and precipitated with iso- 
propanol. From this point the controls were treated in the same way as the 
experimental polymers. Deproteinized natural rubber, obtained from United 
Baltic Corporation through A. Schulman, Incorporated, was employed as the 
secondary control. The raw polymers, with the exception of the natural rub- 
ber control, were characterized by infrared spectrum, chemical unsaturation®, 
intrinsic viscosity in toluene solution, Mooney viscosity and ash content. These 
data are presented in Table I. 

In most instances, polymers were prepared directly to a Mooney viscosity of 
36 + 8 ML-4. In four cases, where sample size was insufficient, blending was 
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Tasie I 
PuysicaL Prorerties oF UNVULCANIZED POLYBUTADIENES AND CONTROLS 


Intrin- Mooney Interaction 
solvent 
Configuration, % parameters# 


045 0.35 
045 0.39 
044 OAl 
045 0.38 
044 0.39 
0.37 0.52 
044 O32 
042 0.39 
0.30 0.72 


i 
< 


wo 


polybutadiene 

diene-styrene 

95 044 0.24 


eveal 


* Inherent viscosity, sample contained 6 per cent of polymer insoluble in toluene. 
* Contained polymer insoluble in toluene at room temperature. 

Crystalline, could not be determined. 

4 For n-heptane, determined on vulcanized samples. 

* Based on total polymer. 

/ Nitrogen 0.14 per cent, acetone extract 2.75 per cent, 


necessary ; however, only samples of virtually identical structure and relatively 
similar viscosities were selected when blending was necessary. One sample 
containing 95.2 per cent cis configuration was included in this study in spite of 
the high Mooney viscosity of 150 ML-4. Although the high molecular weight 
of this product probably favored certain physical properties of the vulcanizates, 
it should be noted that even at this high molecular weight the sample processed 
as well as the lower Mooney samples. 

Preparation of these polymers will be discussed in greater detail in later 
publications. 

Determination of double bond configuration.—The extent of cis, trans and 
vinyl unsaturation were determined by infrared spectroscopy. Spectra of all 
samples were obtained with a Perkin-Elmer Model 21 spectrophotometer 
equipped with a sodium chloride prism. Samples were 2.5 per cent solutions 
of polymer in carbon disulfide between potassium bromide plates of conven- 
tional, sealed absorption cells. Method of analysis of the spectra is described 
under the next major heading of this paper. 

Compounding and curing.—All polybutadienes and the butadiene-styrene 
copolymer control were compounded in a standard formulation. A slightly 


Synthetics Hevea 


Rubber 100 100 
Philblack O 0 or 50 0 or 50 
Zine oxide 3 4 
Stearic acid 3 4 
Resin 3 - 
Flexamine®’ 
Sulfur Variable Variable 
Santocure* 0.5 


*Disproportionated rosin acid. 

+ A physical mixture of a complex diarylamine-ketone reaction product (65 per cent) and N,N’-diphenyl- 
p-phenylenediamine (35 per cent). 

N-cyclohexy!-2-benzothiazoly! sulf id 
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— tion, cos- ity, Ash, = 
ity ML4 % 
98.7 4.25 150 0.33 
94.1 2.67 40 0.60 / 
94.9 2.45 34 0.32 E 
95.4 2.30 34 0.28 7 
97.0 2.408 40 0.14 
94.8 2.13 35 0.10 
94.6 2.12 43 0.21 
95.5 1.78 29 0.16 
93.2 b 0.16 
Controls 
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modified recipe was used for the natural rubber controls. Sulfur levels were 
varied to insure equivalent cures of the various products. All batches were 
milled on a two-roll laboratory mill. The cis polybutadienes and emulsion 
polymers were milled with cooling water circulating through the rolls ; polybuta- 
dienes G and H and natural rubber were milled at 160° F (71° C), polybuta- 
diene I at 270° F (132° C). Curing temperatures employed were 307° F 
(153° C) for the synthetics, 280° F (138° C) for Hevea. Tensile slabs were 
cured 30 minutes, hysteresis pellets and abrasion specimens 40 minutes. This 
was done to insure equal degrees of crosslinking in all test specimens. 

Determination of degree of crosslinking.—Degrees of crosslinking were esti- 
mated by the swelling method*’ and represent, therefore, a measure of physical 
crosslinking. The swelling liquid was a high purity n-heptane manufactured 
by Phillips Petroleum Company for use as automotive reference fuel. Swelling 
measurements were made on samples cut from the tensile slabs; these were 
swelled for 96 hours at 30° C (86° F). Vulcanizates of polybutadiene I, which 
are crystalline at 30° C, were swelled for two hours at 60° C prior to being 
placed in the 30° C bath. 

Application of the swelling method to different rubbers requires knowledge 
of the Flory-Huggins solubility parameter uw for each rubber. These were 
determined from swelling ratios and elastic measurements on swollen gum vul- 
canizates. At least six vulcanizates of varying degree of cure were prepared for 
each such determination, and uw was calculated for each stock from the kinetic 
theory stress-strain relation and the Flory-Rehner theory of swelling®: 


FvA/A = vRT (a — a!) (1) 
In (1 — + Uy po? 


V, — v,/2 


(2) 


In these equations, F is the force of retraction at extension ratio a (chosen at 
1.5), A is the unswollen cross-sectional area, v, is the volume fraction of rubber 
in the swollen vulcanizate, V, is the molal volume of the solvent (148.1 for 
n-heptane), v is the number of elastically effective network chains per cubic 
centimeter of (dry) rubber, R is the gas constant and T the absolute tempera- 
ture. In all instances » was a linear function of v, over the range of values en- 
countered. The uw values were, therefore, fitted to the equation 


= po + Br, (3) 


by the method of least squares and the smoothed values of u used in Equation 
(2) to obtain the “degree of vulcanization”’, v, in all subsequent determinations. 
When applied to black stocks, the values of v, and v refer to the polymer phase 
only since carbon black does not swell. For additional details of the swelling 
method as used in the present work, the reader is referred to an earlier publica- 
tion’. Values of uo and 8 for the polymers of the present study are included in 
Table I. 

Test procedures.—Tensile properties were determined on an Instron testing 
machine at a crosshead speed of 20 inches per minute. Resilience measure- 
ments were performed with a Yerzley oscillograph (ASTM D-945-55). For 
tests other than at room temperature specimens were conditioned at the test 
temperature for 15 minutes prior to taking the measurement. Heat build-up 
was measured on a Goodrich flexometer (ASTM D-623-52T, Method A) under 
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143 psi load with a 0.175-inch stroke. The reported values are 15 minute 
temperature rises. Laboratory abrasion tests were performed on samples ex- 
tracted with the azeotropic mixture of ethanol and toluene. A National 
Bureau of Standards abrader (ASTM D-394-47, Method B) was used. The 
machine was fitted with a special brush-vacuum attachment to remove the 
abraded particles continuously. The Gehman torsional stiffness test (ASTM 
D-1053-52T) was used to determine low-temperature behavior. Brittle tem- 
peratures were estimated by extrapolating the steep portion of the angle of 
twist (0) vs. temperature (7') curve on the temperature axis. Crystal melting 
points were estimated from the location of the final break in the @ vs. T curve. 

Accelerated aging was carried out in an aluminum block at 212° F (100° C). 
Black stocks were aged in air for 24 hours and their physical properties deter- 
mined. Gum stocks were employed for the determination of oxidative scission 
and crosslinking. The stocks were exposed to pure oxygen at 212° F (100° C) 
for various periods. For the scission measurements the samples were stretched 
on a rack to 50 per cent elongation and placed in an oven at 212° F (100 °C). 
They were withdrawn periodically and the stress at 50 per cent elongation deter- 
mined at 77° F (25° C). 

The remaining tests (Shore hardness, crescent tear, etc.) were conducted 
following standard procedure. 


CHARACTERIZATION OF POLYBUTADIENES BY 
INFRARED ABSORPTION SPECTRA 


Qualitative considerations—Infrared absorption spectra of the product 
samples provide a rapid means of structural evaluation. One can determine 
at a glance the approximate ratios of the three possible monomer additions in 
any sample from absorption band intensities. This is demonstrated in Figure 
1 which shows the spectra of a high cis-1,4 addition, high trans-1,4 addition, 
high 1,2 addition and a conventional emulsion polybutadiene. Characteristic 
absorption bands marked in the figure are believed to be those originating with 
the out-of-plane deformations of hydrogen atoms associated with the double- 
bonded carbons”. In the high cis-1,4 addition polymer one observes a rather 
broad band in the 12.5 to 15.5 micron region, in the high trans-1,4 polymer it is 
a narrower band at 10.4 microns. In the 1,2 polymer two bands appear, one 
at 10.1 microns and a stronger one at 11.0 microns. The 10.4 and 11.0 micron 
bands are very strong and allow the 1,2 and trans-1,4 additions to be observed 
in very small amounts. These bands may also be calibrated to give precise 
values for the amounts of double-bond configurations present in any polybuta- 
diene sample from measurements of their maxima. The broad, but less intense 
absorption band of cis-1,4 structure in the 12.5 to 15.5 micron region may be 
calibrated also, but since its maximum does not remain at a fixed wave length, 
it is necessary to resort to a band area measurement for quantitative determina- 
tions. The minimum amount of detectable cis-1,4 addition is greater than that 
of the other two configurations. 

Some appreciation of these facts can be had by inspection of the spectrum 
of emulsion 41° F polybutadiene which contains 75 per cent trans, 18 per cent 
vinyl and 7 per cent cis unsaturation. 

Quantitative measurement of double-bond configurations.—Attempts have 
been made by many investigators to determine the amounts of 1,2 and trans-1,4 
addition in emulsion polybutadiene"? by measuring the above-mentioned cor- 
relation bands for these structural groups. Since emulsion polybutadienes are 
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1,-—Polybutadiene spectra. 


mainly amorphous hydrocarbons containing olefinic bonds, it had been the 
practice to calibrate the absorption bands of these polymers by measuring the 
bands in olefins of known structure. Hampton" later suggested an improved 
method by adjusting the band maximum absorption coefficients to obtain more 
realistic results for polymers. He also obtained values for the amount of cis-1,4 
addition in emulsion polybutadienes by measurement of the band maximum at 
13.7 microns. Binder, however, applying Hampton's method to polybuta- 
dienes containing a somewhat wider unsaturation distribution, obtained some 
total unsaturations greatly in excess of 100 per cent. He recognized that the 
errors encountered were due mainly to his inability to measure correctly the 
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cis-1,4 addition and, in fact, discarded the 13.7 micron band in favor of a meas- 
urement at 14.7 microns. With this new band measurement, Binder was able 
to get reasonable values of cis-1,4 addition for a limited number of the samples 
tested. 

All of the above procedures were tried but failed to give realistic material 
balances for total unsaturation in polybutadienes which had unsaturation dis- 
tributions beyond the limits of those encountered in emulsion, sodium, potas- 
sium or Alfin polymers. 

Failure of the infrared method to give precise quantitative values for the 
double-bond configuration in all polybutadienes was due (a) to the lack of reli- 
able absorption coefficients for the three absorption bands used, and (b) to the 
lack of absorption coefficients for the interfering absorption bands at these three 
wave lengths. 

It is evident that if structurally ‘“pure’’ cis-1,4, trans-1,4, and 1,2 polybuta- 
diene samples were available the above unknown constants could be evaluated 
and a precise quantitative method developed. One would simply treat every 
polybutadiene sample as a three-component mixture of the structurally pure 
polymers, each of mass 54, and either containing one double bond of the vinyl 
type (1,2 addition) with its major absorption at 11.0 microns, or one trans in- 
ternal double bond (trans-1,4 addition) with its major absorption band at 10.4 
microns, or one cis internal double bond (cis-1,4 addition) with its major ab- 
sorption in the 12.5 to 15.5 micron region. Measurements at each of the three 
wave lengths would then be obtained for each sample which, when fitted into 
the conventional calibration matrix, would yield the concentration of the three 
configurations in percentage of the total butadiene units present. Method of 
analysis employed in the present work is based on the above considerations and 
will be described in detail in another paper. 

Figure 2 shows the 2 to 15 micron region of the infrared spectra of five of the 
polybutadienes included in Table I. The cis-1,4 addition varies from 95.2 per 
cent in polymer A to 5 per cent in polymer I. The trans-1,4 addition varies 
from 0.6 per cent in polymer A to 93 per cent in polymer I. The 1,2 addition 
remains small in all polymers, the amount varying from 1.5 per cent in polymer 
E to 4.3 per cent in polymer D. 

Although no samples which could be certified as consisting of 100 per cent of 
any one configuration were available, many 90 to 100 per cent concentrates, 
whose total unsaturation was measured by the iodine monochloride method 
were used for calibration purposes. Fortunately, the strength of the character- 
istic absorption bands used to measure trans-1,4 and 1,2 addition was great 
enough that measurements could be made in 2.5 per cent carbon disulfide solu- 
tions in a 500 micron cell. No interference from the paraffin portion of the 
molecule could be observed at these concentrations. Interferences from other 
olefin groups at 11 microns, the 1,2 addition band position, were negligible. 
The 10.4 micron, trans-1,4 band, suffered interference from both the 1,2 and 
cis-1,4 configurations, but the contours and intensities of these interfering 
bands at this position could be determined empirically by studying high cis-1,4 
and high 1,2 polymers of very low trans-1,4 content. Polymers with high 1,2 
unsaturation offer interference in the region of the cis-1,4 absorption from a 
band near 14.8 microns. This band may be seen in the high 1,2 polybutadiene 
spectrum of Figure 1. Since integrated intensities are used in the measurement 
of the cis-1,4 configuration, an integrated intensity correction must be applied 
when the concentration is high enough to become significant. As already noted 
in the polymers of the present investigation, the amount of vinyl unsaturation 


i 


Z 
x 
< 
= 


4 


4 


RUBBER 


eee 


4 


+4444 


44 4-4 4-4-4 


+ 


+4 


Fia. 2.—Polybutadienes—effect of cia-trana ratio on infrared spectra. 


Mssssscsss 
SSSSSSESEL 
TS 
SESEESSEE 
SESS 
0 
ts 
WAVELENGTH (CROPS) 


CIS-TRANS 1, 4 POLYBUTADIENES 1125 


was small and fairly constant so that this correction became trivial except for 
very low cis-1,4 polymers. 

Thus, for the polybutadienes reported in Table I only three absorbance 
measurements were made for each polymer sample. Two of these were ob- 
tained from band maxima, and the third, at 12.5 to 15.5 microns, was an inte- 
grated absorbance obtained by measuring band area between these limits. 

Yorrection terms, when significant, were determined empirically from absorb- 
ance ratios between major and interfering bands as measured in pure hydro- 
carbon spectra or from spectra of the polymer concentrates. 

To test the validity of the coefficients and corrections developed, the method 
was applied to well over 100 polybutadiene samples containing concentrations 
of trans-1,4, cis-1,4 and 1,2 units from 2 to 95 per cent. The values obtained 
for each of the three configurations were totaled for each polymer. They 
usually fell slightly below 100 per cent and never exceeded 101 per cent. The 
lowest value obtained was 92 per cent. Since most of the polymers contained 
a total of 2 per cent of nonrubber constituents, these totals are thought to be 
realistic. 


VULCANIZATION 


With the exception of pure trans polybutadiene all 1,4 polybutadienes are 
readily vulcanized in the Santocure-accelerated gum and tread recipes given in 
the Experimental Section. Except for polybutadiene I, cure rates at 1 phr 
(parts per 100 parts rubber) of accelerator and 307° F (153° C) are flat beyond 
30 minutes, the 45 minute and 30 minute cures differing by no more than 5 per 
cent in degree of crosslinking. No reversion is observed short of 45 minute 
cure time. Polybutadiene I (93.4 per cent trans) cures somewhat more slug- 
gishly in the black recipe. 

To illustrate the dependence of physical properties of 1,4 polybutadiene on 
cis/trans ratio three series of vuleanizates were prepared: 


(1) Gum stocks cured to v = (1.1 + 0.1) K 10~* mole of network chains 
per cubic centimeter of rubber. 

(2) Black stocks cured tov = (1.9 + 0.1) K 10~* mole/cc., a degree of cure 
corresponding very nearly to the point of optimum tensile strength. (It 
should be understood that filler contributed linkages will be included in 
vy, 80 that we are dealing here with an effective degree of crosslinking, 
which should not be interpreted as a strict measure of the number of 
intermolecular sulfur bridges.) 

(3) Black vuleanizates of varying degree of crosslinking. 


To attain equal degress of crosslinking it is necessary to employ progressively 
higher sulfur levels as the trans content of 1,4 polybutadiene increases. Poly- 
butadiene F, which contains 10.7 per cent vinyl unsaturation, is a logical ex- 
ception. Table II shows the amounts of sulfur used in the two “‘constant cross- 
linking” series and the actual values of v attained. The last column, giving 
sulfur requirements for curing tread stocks to a 300 per cent modulus of 1600 
psi, shows that the trend in sulfur requirements does not depend on choice of 
the swelling method for the determination of degree of cure. 

High trans polybutadienes (G, H, 1) are all at least partially crystalline in 
the raw state. Of these G and H yield vulcanizates (both gum and black) which 
are completely rubbery. Vulcanizates of I are rubbery not far above room 
temperature but are tough and leathery at 77° F (25° ©). 
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Tasie II 
SuLFuR REQUIREMENTS FOR VULCANIZATION 
Sulfur 
require- 
Gum stocks Black stocks ment for 
Per » 1600 psi 
cent Sulfur moles / Sulfur, moles/ modulus*, 
Polymer cis phr ce. phr ce. phr 
A 95.2 0.42 1.20 0.80 1.84 1.30° 
B 91.2 0.75 1.06 1.10 1.95 1.50 
Cc 87.3 0.75 1.00 1.25 1.85 1.80 
D 81.2 0.90 1.07 1.30 1.88 1.85 
E 67.0 1.05 1.16 1.65 2.08 1.95 
F 36.0 0.80 1.09 1.15 1.87 1.70 
G 24.7 1.10 0.99 1.75 2.04 2.00 
H 16.6 1.60 1.17 1.95 1.92 2.15 
I 5.0 1.45 1.18 3.00 1.52 2.50 
Emulsion 1.75 1.12 2.00 2.02 1.90 
polybutadiene 
Butadiene- — 1.60 1.09 1.70 1.80 — 
styrene 
Hevea — 2.00 0.92 2.75 1.85 -- 
* Black stocks. 
Estimated. 


PROPERTIES OF GUM VULCANIZATES 


Tensile and stress-strain.—The properties of 1,4 polybutadienes are criti- 
cally dependent on chain regularity and the attendant orientation and crystal- 
lization phenomena. This is shown clearly by the behavior of the polymers in a 
simple tensile test (Figure 3). Modulus at low and moderate elongation is 
constant for all vulcanizates that are amorphous at the test temperature, which 
is to be expected for stocks of equal degree of crosslinking. The highest trans 
vulcanizate of Figure 3 (polybutadiene I) is crystalline and exhibits an abnor- 
mally high modulus. Tensile strength and elongation are constant between 36 
and 82 per cent cis but rise sharply beyond these points. In the ‘‘valley’’, prop- 
erties of the polymers resemble those of emulsion polybutadiene or SBR, but 
toward the extremes of the range there is a marked similarity with Hevea and 
gutta-percha. It is interesting that polybutadiene A which is structurally as 
pure (95.2 per cent cis) as some of the “synthetic natural’ rubbers does not 
quite approach them in gum tensile'*. Evidently, a higher degree of regularity 
is needed in cis-polybutadiene than in cis-polyisoprene for attainment of gum 
tensile strengths equivalent to those of Hevea. 

Shore hardness of the vulcanizates also reflects the effects of crystallinity, 
varying from 95 for polybutadiene I to 52 for H, to a constant 41 + 2 for the 
remaining members of the series. 

A sample, believed to be essentially 100 per cent trans polybutadiene, but 
which could not be processed for vulcanization, resembled polyethylene in its 
room temperature tensile behavior (compression molded) : 


Tensile strength 2,450 psi 
Stiffness 41,000 psi 
Ultimate elongation 28 per cent 


Low-temperature behavior.—Behavior of 1,4 polybutadiene gum stocks at 
low temperatures is of considerable interest. Figure 4 shows Gehman torsional 
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Fic, 3.—Stress-strain properties of 1,4 polybutadiene gum vulcanizates 
at 80° F v = 10™¢ mole/ce. 


stiffness curves for selected members of the series. Data were obtained on 
samples conditioned 10 minutes at 70° C and quenched in liquid nitrogen. The 
average heating rate was 0.25° C per minute. Polymers A, B and C show both 
a brittle point around —85° C and striking evidence of crystallization at higher 
temperatures; D, E and F show the brittle point only; whereas the trans poly- 
mers G, H and I exhibit a rather complex curve indicative of crystallinity over a 
wide range of temperature. Values of 7», 7's, T':o and T'\oo are listed in Table 
III. For polymers A, B and C the values shown for 7's, 75 and 7’, refer to the 
crystal melting branch of the curve. Also listed in Table III are estimates of 
the brittle temperature (7) and crystalline melting point (7,,). The latter 
should not be confused with the equilibrium melting temperatures of the pure 
polymers, as the vulcanizates contain cross-linkages in addition to diluents 
(stearic acid, rosin acid, antioxidant, etc.), all of which will depress the melting 
point. Also, crystallization kinetics have not yet been investigated so that it is 
not known whether the estimates of 7, represent true equilibrium values even 
for the particular vulcanizates. The results nevertheless show clearly that 
1,4-polybutadienes of high cis content crystallize rapidly at temperatures around 
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Fic. 4.—Gehman torsional] stiffness curves showing three types of low temperature 
behavior observed in 1,4 polybutadiene gum stocks. 
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—40° C and melt rather sharply in the vicinity of —10° C. This is of some 
importance in interpreting resilience data to be presented later in this discussion. 

It appears odd at first glance that all evidence of crystallinity should disap- 
pear so abruptly between 87.3 and 81.2 per cent cis. A quick calculation shows, 
however, that the mean length of uninterrupted sequences of cis units in the 
two rubbers is 10.4 and 6.5 units, respectively, which is an appreciable differ- 
ence. 


III 
Benavior or Gum VULCANIZATES * 


Per Gehman temperatures 
cent 

Polymer cu Ts Tw T 
95.2 —12 —17 — 46 —85 
91.2 —15 —42 —85 
87.3 —26 — 84 — 85 
81.2 — 80 —83 —85 
67.0 —77 — 83 —85 
36.0 —62 —67 — 68 
24.7 —22 < — 67 — 68 
16.6 +13 —2 —60 —63 

5.0 highly crystalline at room temperature 


Emulsion -4 —28 —54 —57 —57 
polybutadiene 

Butadiene- —26 3: —38 
styrene 


Hevea —37 —48 
* All values in degrees centigrade. 
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Fio. 5.-——Resilience of gum vulcanizates of 1,4 polybutadienes, 
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. 6.—Heat generation in 1,4 polybutadiene gum stocks. 
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The behavior of the trans polymers is extremely complex. The data sug- 
gest transitions in the general vicinity of —50° C and again near —10° C. 
Crystallinity disappears over a very wide temperature range and, in fact, is not 
absent completely even at room temperature. This is in accord with recent 
results of Mandelkern, Tryon and Quinn'® on emulsion polybutadienes pre- 
pared at different polymerization temperatures. 

Dynamic properties.—The resilience of 1,4 polybutadiene gum vulcanizates 
increases steadily with cis content at all temperatures between 14° F (—10° C) 
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Fic. 7.—-Stress-strain properties of 1,4 polybutadienes reinforced with 50 phr HAF black 


and 176° F (80°C). At —40° F resilience decreases abruptly near the extreme 
cis end of the range (Figure 5). This may be due to the onset of rather com- 
plete crystallization. It is likely that longer exposure to —40° F would depress 
the resilience of some of the other high cis polymers; the torsional stiffness data 
would suggest this. An unusual feature is the exceptional low-temperature 
resilience of polymer F, which is evidently associated with its higher degree of 
vinyl unsaturation. 

Comparison of 1,4 polybutadiene gum stocks with natural rubber and 
SBR reveals a marked superiority of 1,4 polybutadiene at low temperatures, 
even for polymers which are highly crystalline at these temperatures. Evi- 
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dently the almost complete lack of resilience exhibited by the control rubbers is 
a characteristic feature of the glassy state. At room temperature and above, 
only the highest cis polybutadienes approach Hevea in resilience. Emulsion 
polybutadiene and SBR(GR-S) (which are predominantly trans polymers) 
somewhat resemble the trans-1,4 polybutadienes in resilience behavior. 

Figure 6 shows Goodrich flexometer heat build-up results. Heat build-up is 
a property which is extremely sensitive to degree of crosslinking, a fact which is 
responsible for scattering of experimental points in Figure 6. It will be noted 
that the more highly crosslinked vulcanizates fall below the curve while the less 
tightly cured samples are high. The general trend of the heat buildup data 
with cis/trans ratio is consistent with the high resilience of cis polybutadiene. 


PROPERTIES OF CARBON BLACK-REINFORCED VULCANIZATES 


Tensile and stress-strain properties.—The 1,4 polybutadienes are readily 
reinforced by carbon black. Figure 7 shows stress-strain properties determined 
at room temperature for vulcanizates reinforced with 50 parts of high abrasion 
furnace black (Philblack 0) and vulcanized to approximately constant effective 
degree of crosslinking. The tensile strength curve resembles that for the gum 
stocks in shape but is raised some 2500 to 3000 psi. Its minimum is not nearly 
as broad as for the gum stocks. The 300 per cent modulus rises with increasing 


LHEVEA 
(750) 


CRESCENT TEAR, LBS/IN 


SHORE HARDNESS 200°F-TENSILE STRENGTH, PS! 


i L L i 
20 40 60 60 
PERCENT cis-UNSATURATION 


Fro. 8.—Properties of HAF black reinforced 1,4 polybutadienes. 
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trans content of the polymer, and the elongation at break falls. Both curves are 
rather flat between 20 and 80 per cent cis. At 200° F (93° C) the tensile 
strength shows no sharp rise at the trans end of the range, evidently because the 
crystallites are melted at this temperature. Shore hardness increases with 
trans content. Results of the crescent tear tests were somewhat inconclusive 
(Figure 8). 

Comparison of the properties of the 1,4 polybutadienes with those of Hevea, 
SBR and emulsion polybutadiene shows that, while the polymers of highest cis 
content are roughly equal to SBR and better than emulsion polybutadiene in 
tensile and tear properties, they do not approach natural rubber in this respect. 

Low-temperature behavior.—The low-temperature behavior of the black 
stocks is qualitatively similar to that of gum vulcanizates. Pronounced crystal- 
lization is observed for the cis polybutadienes A, Band C. Intermediate poly- 
mers D, E and F show only the brittle transition in the Gehman test whereas 
trans polybutadienes G, H and I display evidence of crystallinity over a wide 
range of temperatures. Observed brittle points and crystal melting tempera- 
tures for the three highest cis members of the series are: 

Per 


cent 
Polymer cw T+ (°C) Ta (° C) 


A 95.2 —§82 
B 91.2 —82 —15 
C 87.3 —82 —20 


Comparison with the gum data shows a depression of T,, of several degrees. 
This is most likely due to the higher sulfur and total crosslinking levels in the 
black stocks. 
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Fic. 9.—Resilience of carbon black reinforced 1,4 polybutadienes. 
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Dynamic properties.—Resilience data at four temperatures are shown in 
Figure 9. At room temperature and above the trends are similar to the be- 
havior exhibited by the gum stocks, but at low temperatures resilience increases 
with trans content in the trans end of the range. This may be due to an increase 
in crystallinity of the vulcanizates and is consistent with the fact that the 
—40° F (C) resilience values for trans polybutadienes are higher than their 
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Fic, 10.—Resilience of carbon black reinforced 1,4 polybutadiene vuleanizates. 


14° F (—10° C) values. Why the —40° curve for the black stocks should be 
inverted in shape (compared to the curve for gum vulcanizates) is not clear at 
present. A more complete understanding could only be arrived at from knowl- 
edge of the actual crystallinities of the various samples under the conditions of 
the test. 

Polymer F (36 per cent cis) is seen to behave anomalously, particularly at 
low temperatures. This is evidently due to its appreciably higher vinyl con- 
tent (10.7 per cent) compared with the other members of the series. 

Of particular interest is the effect of carbon black on the resilience of cis 
polybutadiene. For polymer A (95.2 per cent cis) the difference between the 
black and gum stocks of the present study is only 4.5 resilience points at 80° F 
(27° C), zero at 176° F (80° C). This compares with differences of 10 points 
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for Hevea and 12 to 17 for 8BR and emulsion polybutadiene under similar 
circumstances. As the cis content decreases, the carbon black exerts a pro- 
gressively larger effect on the resilience. Thus, the advantage in (gum) 
resilience of Hevea over high cis polybutadiene at room temperature and above 
largely disappears on addition of carbon black. Figure 10 shows some of the 
data replotted to permit easier comparison with Hevea and emulsion synthetics. 
The 1,4 polybutadienes selected for this comparison are A (highest cis content), 
D (highest cis noncrystallizing polymer) and G (1,4 polybutadiene most nearly 
resembling the emulsion control in trans content). 

Goodrich flexometer heat build-up results (Figure 11) are consistent with the 
resilience data in showing a marked decrease in heat generation with increasing 
amount of cis unsaturation. 
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Fra. 11.—Heat build-up and laboratory abrasion of carbon black reinforced vulcanizates. 


Laboratory abrasion.—-The 1,4 polybutadienes are extremely difficult to 
abrade in laboratory abrasion tests and give incredibly low abrasion losses. 
This is, in part, due to the fact that these rubbers abrade in the form of a fine 
dust which clings to the abrasive surface. The specimen then tends to ride on 
the abraded particles. This difficulty was mostly, though perhaps not entirely, 
overcome by the use of a vacuum sweeper attachment to the National Bureau 
of Standards abrader used in the present study. Thus, although the compari- 
son of 1,4 polybutadienes of various cis/trans ratio is thought to be valid 
qualitatively (Figure 11), no comparison with SBR, natural rubber or even 
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emulsion polybutadiene can be made. The abnormally low abrasion resist- 
ance of polymer A (95.2 per cent cis) is probably a consequence of the low 
modulus of the particular stock. 

It should be understood that the above remarks apply to laboratory wear 
and that the observed trend may not be borne out in tire tests. 


© POLYMER H (16.6 %cis) 
© POLYMER C (87.3 %cis) 
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Fic, 12.—Effect of degree of crosslinking on properties of black stocks. 


Effect of degree of crosslinking.—Figure 12 shows the variation of some of the 
more important properties with degree of crosslinking for black vulcanizates of 
polymers C and H, representative of typical cis and trans polybutadienes. The 
appropriate degrees of crosslinking were obtained by varying the sulfur level. 
The curves show the expected trends but also serve to point out one extremely 
important fact. Because of the inherently lower modulus of cis polybutadiene- 
black stocks, it is possible to obtain further improvements in resilience and heat 
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buildup by compounding to higher degrees of crosslinking, albeit at a loss in 
tensile strength and ultimate elongation. Table IV represents a comparison at 
1600 psi modulus and was obtained by reading the values of the various proper- 
ties corresponding to the desired modulus from smoothed curves such as Figure 
12. 

RESISTANCE TO OXIDATION AND OZONE ATTACK 


Oxidative scission and crosslinking.—In all polybutadienes the net effect of 
aging is crosslinking. This is demonstrated clearly by results of stress-relaxa- 
tion and swelling determination on the series of gum vulcanizates described in 
Sections IV and V. 

With the polybutadienes, as well as the butadiene-styrene control, the 
equilibrium stress [measured at 50 per cent elongation and 77° F (25° C)] 
relaxed about 20 per cent after exposure of the stretched samples to oxygen 
for 90 minutes at 212° F (100° C) and then remained essentially constant for an 
additional 4 hours of exposure. This cannot be interpreted as physical re- 
laxation, for the samples were relaxed at 77° F (25° C) in vacuo for 72 hours 
before the initial stress reading was taken. This change is believed to be due 
to a post-vulcanization effect in which sulfur splits out from crosslinkages to 
form new crosslinks, while the free radicals left by the splitting-out process re- 
combine. Existence of a plateau suggests that the rate of oxidative scission is 
very small in this region, probably as a result of protection by the antioxidant. 
No plateau is observed for natural rubber, undoubtedly because of its much 
more rapid rate of scission. Column 3 of Table V shows values of the fraction 


TABLE V 
CHAIN SCISSION AND CROSSLINKING IN OxYGEN aT 100° C 
Stress relaxation* Crosslinking 


Polymer Sa/fa v0 
1.25 

1,29 

1.32 
33 


1 
1. 
1, 
1, 
1. 
1. 


Emulsion 
polybutadiene 


styrene 


Hevea or 1.18 0.45 


a * Notation: /; = stress after i hours of exposure. » = number of effective network chains after i hours 
exposure 
low because of partial on measurement of fo. 
Stress ecayed to zero in 20 hours 


of the original stress remaining (f;/fo) after 3 hours, the center of the plateau 
for the butadiene polymers. Column 4 lists the ratio of the stress after 48 
hours to that at the plateau (f,s/fs)._ No data are given for polybutadiene I 
since this polymer is crystalline at room temperature. (Crystallization relaxes 
the stress; hence, this leads to fictitiously low stress values.) The results show 
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that the 1,4 polybutadienes are more resistant to oxidative chain scission than 
SBR or emulsion polybutadiene and are vastly superior to Hevea in this respect. 
There appears to be little, if any, effect of cis/trans ratio on the scission reaction 
in polybutadiene. 

Columns 5 and 6 of Table V give data for the crosslinking effect at compara- 
ble times. In the first 3 hours there occurs an appreciable rise in net crosslink- 
ing, consistent in order of magnitude with the mechanism of post-vulcanization 
postulated above. Thereafter, the crosslinking reaction proceeds at a much 
reduced pace. In the early stages of the aging process the crosslinking effect 
may be related to the vinyl-content of the polymer with polybutadiene F 


20 
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Fic. 13.—Change in degree of crosslinking in black stocks aged 24 hours in air at 212° F. 


(10.7 per cent vinyl) and emulsion polybutadiene (18.0 per cent vinyl) exhibit- 
ing the largest rise in v. Consistent with its high rate of scission the Hevea 
vulcanizate exhibits a drastic net loss in the number of crosslinks after 48 hours. 

Accelerated aging in black stocks.—Although the extent of further crosslink- 
ing on aging of gum stocks does not appear to be too strongly dependent on the 
sulfur level, this is not true in vulcanizates reinforced with carbon black. Figure 
13 shows that in the latter the rise in crosslinking level is roughly proportional 
to the sulfur content of the stock. As more sulfur is required for vulcanization 
of the trans polybutadienes, their vulcanizates undergo the largest changes on 
aging. These changes are to a considerable extent due to post-vulcanization 
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Fic. 14.—Stress-strain properties of carbon black reinforced 1,4 polybutadiene 
vuleanizates. Aged 24 hours in air at 212° F, 


effects and are in the direction expected for “‘tighter’’ vulcanizates (Figures 14 
and 15). Modulus and resilience increase ; tensile strength, ultimate elongation 
and heat build-up decrease. Because of the high resistance of the 1,4 polybuta- 
dienes to chain scission, the aging process does not introduce a large number of 
additional free chain ends. Consequently, properties of the aged vulcanizates 
are very nearly what might be predicted by extrapolation of graphs such as 
Figure 12 to the appropriate degree of crosslinking. This is, of course, entirely 
impossible for natural rubber stocks where chain scission drastically increases 
the number of free chain ends and hence alters the character of the network. 

Resistance to ozone attack.—Samples of black stocks taken from the constant 
crosslinking series were stretched 25 per cent and exposed to an atmosphere 
containing 40 to 45 parts of ozone per hundred million parts of air. Observa- 
tions were made after 2,7 and 14 days. The results, expressed in ratings based 
on visual inspection (10—numerous cracks, 0—no cracks), are shown in Table 
VI. It is evident that none of the polybutadienes is as resistant to ozone 
attack as Hevea. 
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Fic, 15,—Hysteresis properties of black reinforced vulcanizates aged 24 hours in air at 212° F. 
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CONCLUSIONS 


Physical properties of both gum and tread vulcanizates of 1,4 polybuta- 
dienes show that marked changes in properties occur as the structure of the 
polymer approaches either pure cis or pure trans configuration, with only minor 
changes in the range of from 25 to 80 per cent cis. The high cis polybutadienes 
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are characterized by very low hysteresis and high resilience, fair gum tensile, 
excellent tread tensile and good hot tensile strengths. The data also indicate 
the desirability of preparing 100 per cent cis polybutiadiene, since this polymer 
should possess outstanding physical properties in either gum or tread vulcani- 
zates. Properties of the polymers in the range of 25 to 80 per cent cis are in 
some respects reminiscent of emulsion polybutadiene but are superior to the 
latter in resilience and low-temperature characteristics. The outsatnding low- 
temperature properties are a consequence of the amorphous nature of these 
rubbers. Products ranging from 70 to 95 per cent trans are increasingly crystal- 
line at room temperature. The changes in properties of the trans polybuta- 
dienes, increasing gum and tread tensile strengths, hysteresis and melting 
temperatures and decreasing resiliency, appear to be related in part to the 
greater amount of chain interaction as 100 per cent trans configuration is ap- 
proached, On the other hand, optimum vulcanization conditions for the 
highest trans polybutadienes have not yet been established, and additional 
study will be required to establish their full potentialities. 
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SUMMARY 


The physical properties of vulcanized 1,4 polybutadienes, prepared by 
heterogeneous catalysis and ranging from 95 per cent cis to nearly 100 per cent 
trans configuration, were investigated in gum and tread formulations. Com- 
parisons were made at equal effective (physical) degree of crosslinking for both 
gum- and carbon black-reinforced stocks and for black stocks at equal 300 per 
cent modulus. 

In general, cis polybutadienes require less sulfur for adequate vulcanization 
than trans polybutadienes. Vulcanizates of all 1,4 polybutadienes exceeding 
15 per cent in cis content are completely rubbery at ordinary temperatures. 
Polybutadiene of 93 per cent trans content yields tough, leathery, crystalline 
vuleanizates at 80° F, which become rubbery at moderately elevated tempera- 
tures. 

Without exception the important physical properties change little between 
25 and 80 per cent cis content. At both ends of this range the tensile strength 
of both gum and black stocks rises as a consequence of increasing chain regular- 
ity. However, in gum tensile strength not even the highest cis polybutadienes 
are equivalent to natural or synthetic cis-polyisoprenes. Black stocks of very 
good tensile strength with elongations ranging from 500 to 700 per cent are ob- 
tained with both cis- and trans-polybutadienes. At the crosslinking level for 
optimum tensile strength, modulus increases with trans content. 
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The cis-polybutadienes have excellent resilience and low hysteresis and 
maintain their resilience to temperatures as low as —40° F. The latter is true 
even of the highest cis polymers which crystallize at these temperatures. The 
tendency to crystallize rapidly at low temperatures disappears between 87 and 
82 per cent cis content so that polymers of moderately high cis unsaturation 
have exceptional low-temperature characteristics. These polymers remain 
completely rubbery down to their brittle point (ca. —85° C). 

The excellent resilience of cis-polybutadiene is particularly apparent in 
carbon black-reinforced stocks. Because of the inherently low modulus of these 
stocks and their low sulfur requirement, these may be vulcanized to rather high 
degrees of crosslinking. This results in further improvements in resilience and 
heat build-up with only moderate sacrifices in tensile strength and ultimate 
elongation. 

Vulcanizates of 70 to 80 per cent trans-polybutadienes exhibit evidence of 
crystallinity over a wide range of temperatures and are probably not completely 
melted at room temperature. Although their resilience is less than that of the 
high cis-polybutadienes, it is still somewhat better than that of SBR, particu- 
larly at low temperatures. 

The 1,4 polybutadienes are more resistant to oxidative scission than emul- 
sion polybutadiene or SBR and are greatly superior to natural rubber in this 
respect, The dominant effect in the aging of 1,4 polybutadienes is crosslinking. 
Because of their low sulfur requirements the cis polybutadienes offer a particu- 
lar advantage in aging resistance. None of the polybutadienes exhibits ozone 
resistance comparable to Hevea. 
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POLYBUTADIENE 
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About twenty years ago, in an effort to transform natural rubber into gutta- 
percha, Meyer and Ferri‘ irradiated a solution of Hevea in cyclohexane with 
ultraviolet light, but were unable to detect any cis-trans isomerization in poly- 
isoprene. Later, Ferri* showed that treatment of both Hevea and Gutta with 
certain chemicals, such as chlorostannic acid and titanium tetrachloride, gave 
rise to closely resembling products which were considered at the time to have 
structures intermediate between the two geometric forms of naturally-occurring 
polyisoprene. These resulting polymers were, however, crosslinked in the 
course of chemical treatment and probably also cyclized, so that in the light of 
present knowledge about the cyclizing tendencies of the materials employed, 
this change cannot be regarded as a genuine interconversion of cis and trans 
double bonds. No true instance of cis-trans isomerization unaccompanied by 
other structural changes has been reported heretofore for a high polymer, 
except for the polyenes which are conjugated structures of relatively very low 
molecular weight’. 

This communication reports the successful transformation of the cis-1,4 
units in polybutadiene into corresponding trans units by means of ultraviolet 
irradiation in the presence of a suitable sensitizer, which may be any one of a 
wide variety of organic bromine or sulfur compounds. Surprisingly, this isom- 
erization could not be induced in natural rubber. 

Since polybutadiene is transparent in the ultraviolet down to low wave 
lengths (less than 1900 A), exposure of the pure polymer to the light from a 
mercury are is without effect. However, the presence of an organic bromide, 
sulfide, disulfide, or mercaptan in a solution of a polybutadiene, having initi- 
ally a cis-1,4 content in excess of 10 per cent of the total 1,4 structures, will pro- 
mote the photochemical conversion of the cis into corresponding trans units. 
It has been found that these sensitized isomerizations proceed in the direction 
of attaining an ultimate cis/trans ratio of about 5/95, which appears to be the 
thermodynamically favored condition for the carbon-carbon double bonds in 
polybutadiene. The ordinary emulsion or free radical initiated polybutadiene, 
which has a predominantly trans-1,4 structure, will not undergo any isomeriza- 
tion, presumably because its cis/trans ratio is already at this thermodynamic 
value. Similarly, other butadiene-containing polymers, such as SBR and NBR, 
in which the 1,4 units are predominantly of the trans configuration, will likewise 
not undergo any isomerization under the conditions reported in this paper. 

On the other hand, as a result of the recent development of stereospecific 
initiation, polybutadienes have been prepared with cis contents ranging as high 
as 50 to 95 per cent of the total 1,4 structures, and it is these materials which 
have been found to undergo cis-trans isomerizations quite readily. Another 
available diene polymer with a high cis content, natural rubber, will not isom- 


a Reprinted from the Journal of Polymer Science, Vol. 25, No. 110, pages 373-377 (1957). 
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erize under the conditions described here. In this respect, the methyl group 
attached to the double bond appears to have a stabilizing influence on the 
given configuration so far as isomerization is concerned, in sharp contrast to 
the activating influence it has for addition of hydrogen chloride across the 
double bonds. No indications of any reverse trans to cis conversion were found 
in the present work. 
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Fic. 1.—The infrared spectra of polybutadiene before and after ultraviolet irradiation 
with allyl bromide or pheny! sulfide as sensitizer. 


The isomerization runs were carried out by irradiating benzene solutions of 
polymer in the presence of various sensitizers in either a Pyrex or quartz con- 
tainer under nitrogen with the light from a UA-14 mercury lamp. Irradiations 
had to be performed in an inert atmosphere to prevent oxidative scission, other- 
wise the polymers were extensively degraded. The concentrations of the 
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polymer solutions ranged up to about 1.5 g./dl. for a molecular weight of around 
250,000 or less. Higher molecular weights were employed in more dilute solu- 
tion since at some critical concentration the polymer molecules tend to crosslink 
to give gel. A large assortment of sensitizers were used, such as allyl bromide, 
carbon tetrabromide, bromobenzene, pheny! sulfide, ally! sulfide, phenyl! disul- 
fide, isobuty! disulfide, allyl mercaptan, and thio-2-naphthol. In fact, some 
75 different compounds in the above-mentioned categories were tested, and no 
exceptions were found. Even elemental bromine, when added to the polybuta- 
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Fia. 2.—Rate of isomerization of polybutadiene having initial cis/trans ratio of 95/5 using 0.3 g. 
pheny! disulfide (©), 0.3 g. thio-2-naphthol (G), 5 ml. allyt bromide (@), 5 ml. ethylene bromide (@), 5 
ml. n-butyl! sulfide (()), and 5 ml. ethyl becutie () as photosensitizers in 40 ml. of a 1 per cent polymer 
solution in benzene. 


diene solutions in small amounts short of causing precipitation of the polymer, 
served as a photosensitizer of this reaction. The efficiency of isomerization 
varied from one sensitizer to the next. 

Following irradiation, the polymer was precipitated from benzene solution 
by methanol, washed with further alcohol, air-dried and redissolved in benzene, 
and samples of the new solutions then submitted for various analyses. The 
cis/trans ratios were determined from infrared absorption spectra. The poly- 
mers were also examined for per cent unsaturation, molecular weight, and bro- 
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mine or sulfur content. It was found that the only structural change occurring 
in the polymer molecules was the cis to trans conversion. 

The infrared spectra of the polybutadiene before and after irradiation with 
typical sensitizers, such as allyl bromide or pheny| sulfide, are shown in Figure |. 
The observed decrease in the cis band at 13.6 u corresponds, within experimen- 
tal error, practically identically with the increase in the trans band at 10.35y, if 
the extinction of the CH», band at 6.9 uw is taken as an internal standard. 
From an initial cis/trans ratio of 57/43, the polybutadiene is isomerized with 
allyl bromide in nitrogen to a structure having a new cis/trans ratio of 10/90. 
These ratios may be readily calculated from the optical densities of the two 
bands in question, and by making use of the fact that the extinction coefficient 
of the trans band is 1.63 times that of the cis band. 

When the isomerization is carried out in the presence of oxygen, the polymer 
undergoes both considerable degradation and, as may be seen in Figure 1, virtu- 
ally complete conversion of the cis to trans structures. It is evident from a 
comparison of the spectra of the polybutadiene irradiated in the presence of 
either allyl bromide or pheny! sulfide that the final structure is independent of 
the particular sensitizer employed, except for possible small differences in the 
cis/trans ratios. Similar high trans spectra were obtained with the other types 
of sensitizers. 

The relative efficiencies of several different sensitizers are shown in Figure 2, 
in which pheny] disulfide and thio-2-naphthol appear as very active materials, 
the former, in fact, being the most potent sensitizer found. The polybutadiene 
sample used to obtain the results in Figure 2 had about 95 per cent cis double 
bonds initially, and on ultraviolet irradiation with phenyl disulfide was con- 
verted to a structure with about 95 per cent trans units. 

The mechanism of the bromide-sensitized isomerization probably involves 
the formation of free bromine atoms through the photolysis of the organic 
bromide, followed by addition to the double bonds resulting in organic radicals 
in which free rotation is possible. When the bromine atoms are subsequently 
released with re-establishment of the double bonds, the predominant geometric 
configuration formed is that of the more stable isomeride which, in the case of 
polybutadiene, is evidently the trans form. Ina similar way the isomerization 
sensitized by sulfide, disulfide, or mercaptan is viewed as involving initially the 
creation of mercaptyl radicals which then complex with the double bonds in the 
manner of the bromine atoms. The subsequent steps leading to isomerization 
are then analogous to those in the bromine case. 

This isomerization technique could likely be put to good advantage in 
polymer science as a means for investigating microstructure, and for preparing 
a family of polymers with different cis/trans ratios for studies involving correla- 
tion of structure with properties. 
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CHAIN SCISSION EFFICIENCY IN THE OXIDATION OF 
NATURAL RUBBER VULCANIZATES * 


A. G. Verru 


Tue B. F. Researcu Center, Baecxsvitie, 


INTRODUCTION 


Natural rubber when it degrades under the action of oxygen does so primarily 
by a chain scission reaction. A technique has been developed by Tobolsky and 
coworkers! for assessing the magnitude of this chain scission reaction in vul- 
canizates by means of continuous stress relaxation measurements. Since the 
result of the oxygen attack on the rubber is a chain scission reaction, the ques- 
tion of the efficiency of the reaction comes to mind. The influence of antioxi- 
dants is of importance in this regard as is the type of vulcanizate or network 
structure. 

This paper describes some measurements of the chain scission efficiency of a 
simple benzothiazoly! disulfide (MBTS) vulcanizate and the effect of several 
antioxidants on this chain scission reaction. Some of the complications inher- 
ent in this type of measurement are discussed. 

The first published report on the efficiency of the chain scission reaction in 
vulcanizates was given by Tobolsky, Metz, and Mesrobian’ in 1950. A more 


recent publication is that of Baxter, Potts, and Vodden’ in 1955. Tobolsky'? 
has interpreted the stress decay of gum vulcanizates at elevated temperatures 
as a direct consequence of the cutting of polymer chains of the network. The 
reduced stress is postulated as being equal to the chain density ratio: 


S/So = N/No (1) 


where S = stress at time t, So = stress at zero time, N = chain density at time 
t, and No = chain density at zero time. 

If the change in chain density and the oxidation rate can be obtained as a 
function of time, the two may be correlated. This correlation can consist of a 
calculation of the number of molecules of oxygen necessary to reduce the chain 
density by one or the molecules of O2 per chain scission. Superficially this 
seems somewhat simple; in actual practice it is otherwise. There are two cir- 
cumstances which complicate the matter. First, the decrease in stress in an 
elongated rubber sample is not entirely due to oxidative chain cleavage; second, 
it is not known what percentage of the oxygen consumed is utilized in the 
chain scission reaction. Allowance for the first of these two complications can 
be made with some degree of assurance while the allowance for the latter leaves 
something to be desired. 

The first complication is removed by carrying out a separate relaxation in 
vacuum at the same temperature as the relaxation in oxygen. It is assumed 
that the processes responsible for stress relaxation in a vacuum are equally 
operative in oxygen. This enables one to determine just how much of the re- 
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laxation in oxygen is due to oxidative chain scission. An attempt to allow for 
the second complicating feature is made by extrapolating both the rate of re- 
laxation and the rate of oxidation back to zero time or to the initial conditions. 
While this extrapolation may not entirely circumvent the unfavorable condi- 
tion, it establishes a standard or reference point in the oxidation process for the 
calculation of the efficiency of chain scission. 


EXPERIMENTAL PROCEDURE 


Preparation of vulcanizates.—All vulcanizates were prepared from pale crepe 
natural rubber and the exact formulations may be found in Table I. The usual 
milling and mixing techniques for gum formulations were employed. Cured 
sheets in the thickness range of 0.015~0.020 inch were prepared. 


Tasie I 
Formutations Usep 
550 551 552 553 55A 
Pale crepe 100 100 100 100 
Zine oxide 5 5 5 5 
Stearic acid 2 2 
MBTS 6 . : 0.6 0.6 
Ionol 
A-2246 
A-4010 
DPPD 
DMA 
BCA - — 
Sulfur 3.0 3.0 3.0 3.0 3.0 
All cured 90 min. at 284° F. MBTS = benzothiazolyl disulfide. 


Oxidation rate measurements.—The oxidation rate measurements were car- 
ried out in an apparatus which has been previously described*. The volume of 
oxygen consumed at constant pressure and temperature was measured. The 
oxygen uptake-time curves were analyzed to obtain two parameters. The first 
is the initial rate of oxidation designated ro (moles g.~! min.~'), and the second is 
the autocatalytic constant k,. This constant is a measure of the amount of 
autocatalytic behavior. The initial rate and k, are obtained as follows: The 
line segment representing a small increment of O, consumed per gram (e.g., 
0.10 X 10°-* mole) is assumed to be linear and its slope is measured, This pro- 
cedure is applied over the whole curve and the instantaneous rate of oxidation 
or slope is plotted versus the mean cumulative oxygen consumed for the region 
that the particular segment covers. This results in a linear plot and a straight 
line is fitted to the points and extrapolated back to the axis. The intercept 
gives the rate of oxidation at zero time or the initial rate. The slope of this 
line is equal to ka. Once ro and kq are known the instantaneous rate at any 
given oxygen uptake can be calculated. 

Measurement of stress relazation.—The stress measurements are made with a 
special relaxometer designed by M. L. Dannis and R. Brainard of the B. F. 
Goodrich Research Center. Figure 1 shows a photograph of the instrument. 
With this relaxometer concurrent measurements of oxidation rate and stress 
relaxation rate can be made. 

The length is 20.5 cm. and the diameter, 3.2 cm. This size enables it to be 
fitted into a 38-40 mm. diameter glass tube, which can in turn be inserted into 
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x 


Fis. 1,—Photograph of relaxometer in tube. 


the oxidation apparatus. Figure 2 is a sketch of the instrument and shows its 
essential details. The operating principle of the relaxometer consists of bal- 
ancing the force of retraction of the rubber sample by the torque of the counter- 
weight (C) about the hinge (B). 

The relaxometer is used in conjunction with a tilting device, a photograph 
of which appears in Figure 3. The measurement of the load on an elongated 
rubber specimen requires that the angle of tilt at the balance point be known as a 
function of the load. The angle of tilt is measured from the vertical with end 
(U) of the relaxometer down, rotation being in the plane of the paper of Figure 
2. A curve relating the sine of the angle of tilt, a, and the load exerted by the 
counterweight is obtained by a calibration experiment. Use of this calibration 
curve yields the load to an accuracy of +1 gram. Shining a light through the 
small window of the heating jacket enables the balance point to be determined. 
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ALNICO STEEL PLATE (E) 
MAGNET (F) P BALANCE POINT SCREW (0) 
CUT AWAY 


_ FORWARD PLATE (I) 


CL AMP RUBBER BRASS 
(H) SAMPLE (A) COUNTER- WEIGHT 
(c) 


Fig, 2.—Sketch of relaxometer. 


The temperature of the inserted tube can be maintained within +0.3° C for 
measurement of the balance point. 

In carrying out vacuum relaxation experiments the tube is evacuated for 2 
hours at a pressure of 3 X 10~° mm. Hg and sealed off with a high-vacuum stop- 
cock containing Apiezon grease N. When relaxation is to be carried out in 
oxygen, a flexible Tygon tube connection is made between the gas buret of the 
oxidation apparatus and the tube. This flexible connection enables the tube to 
be removed from the aluminum block and inserted into the tilting device. The 
pressure in this enclosed system is maintained at 760 + 15 mm. Hg. 


af 


3.—-Relaxometer tilting device. 


From stress relaxation curves on separate samples in vacuo and in oxygen, 
(S/So)g is obtained as a function of time. This quantity is termed the equilib- 
rium reduced stress. The detailed method for obtaining (S/So)g is given in the 
Appendix. 

Measurement of M..—Swelling measurements in C.P. benzene were carried 
out to determine the average molecular weight between crosslinks, M,. The 
degree of swelling was assessed by the increase in length of strips immersed in 
benzene. Swelling was carried out in the dark in the presence of 0.1% PBNA. 
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RESULTS AND DISCUSSION 


The oxidation behavior of the vulcanizates can be described in terms of a 
two parameter equation: 


= 1% + ka(O2)y (2) 


where r = instantaneous rate, ro = rate at zero time, kz = autocatalytic con- 
stant, and (Oz), = oxygen reacted with the vulcanizate. 

The significance of this equation and its relationship to the oxidation of 
simple olefins has been previously discussed‘. Briefly, ro is the initial rate of 
oxidation and is assumed to reflect the rate of generation of chain initiating 
radicals in the vulcanizate. Its magnitude is appreciable, being somewhat 
similar to an oxidation initiated by a free radical catalyst. The parameter k, 
reflects the velocity with which the initial rate is increased as time elapses. 
Figure 4 shows some plots of instantaneous rate versus the extent of oxidation 
for three vulcanizates. The linear character of the curves is readily apparent. 
Extrapolation to zero extent as shown gives the values for ro. 
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Kia. 4.--Oxidation rate versus extent of oxidation at 100° C: (A) No antioxidant (right 
ordinate seale). (B) A-2246. (C) DPPD. 


There are three successive processes that occur in stress relaxation phenom- 
ena due to chemical reactions. The first is a diffusion of the reactive chemical 
into the polymer; second, there is the reaction to produce a scission, and, third, 
the rearrangement of the polymer molecule fragments after the scission to a 
new or preferred orientation. The relaxation of stress will be governed by the 
slowest of these three processes. Experimental evidence shows that the diffu- 
sion of O, is not the rate-limiting step in the measurements reported here, and 
it is assumed that the rearrangement of the cut polymer molecule is not the 
rate limiting step. 

When equilibrium values of reduced stress were examined for a number of 
vulcanizates, it appeared that linear curves could be obtained by a plot of log 
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(S/So)z versus time. Figure 5 contains typical plots. The degree of fit to a 
linear curve over the indicated range of degradation is illustrated. If the re- 
duced stress is replaced by its equivalent (N/No), the following equation is indi- 
cated: 


dN/dt = kN (3) 


where N = chain density (chains per gram), t = time, and k = a rate constant 
(arbitrarily defined as the scission velocity constant). 


10 


200 


t, minutes 


Fie. 5.—Equilibrium reduced stress versus time at 100° C: (A) No antioxidant. 
(B) lonol. (C) A-2246. (D) DMA. 


Equation (3) indicates that the rate of chain disappearance is first order. 
The quantity dN/dt has been termed the “absolute” scission velocity. The 
word “‘absolute’’ denotes that the relaxation not due to oxygen has been ac- 
counted for in the calculation. The units for dN /dt are calculated as scissions 
per gram of polymer per minute. The oxidation rates have been calculated as 
molecues O, per gram of polymer per minute. A division of r, the oxidation 
rate, by dN /dt yields a quantity having the dimensions molecules O, per scission 
and is denoted by @¢: 


@ = r/(dN/dt) (molecules O2 per scission) (4) 
The reciprocal of @ is defined as 6: 
6 = (dN/dt)/r (scissions per molecule O2) (5) 
Arbitrarily @ has been defined as the “reciprocal scission efficiency” and 6 
as the “scission efficiency”. 


At zero time 
go = To/(dN/dt)o (6) 
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(dN /dt)o is obtained from an evaluation of k and No: 
No = (0.603 10*)/M, (7) 


The reciprocal scission efficiency ¢9 may be calculated as shown or it may 
be found from the calculation of @ as a function of time with an extrapolation 
to zero time. The values reported for @o are maximum values as mentioned 
in the introductory remarks. 

Effect of antioxidants on $ and scission velocity.—It is known from oxidation 
rate measurements alone that good antioxidants retard the over-all rate of 
oxidation. It may be postulated that, in addition to this, antioxidants could 
possibly direct the oxygen which does react in such a way that it is not used 
effectively in degrading reactions. A measurement of the chain scission 
efficiency would provide data to support or reject this supposition. 

A group of seven antioxidants was selected for this study, three phenolic 
types and four amine types. They are listed in Table Il. The concentration 


II 
ABBREVIATIONS OF ANTIOXIDANTS 


Name 

Pheny]-2-naphthylamine PBNA 
2,6-di-tert-buty!-p-cresol Ionol 
N-Phenyl-N-cyclohexyl-p-phenylenediamine A-4010 
2,2’-Methylenebis (4-methy]-6-tert-buty]) phenol A-2246 
N,N’-Dipheny]-p-phenylenediamine DPPD 
Isopropylidenebis-o-cresol BCA 
9,9-Dimethylacridane DMA 


at which these materials were added was dictated by the solubility limit of 
DPPD which is reputed to be 0.4 phr. This amount of DPPD corresponds to 
0.0015 mole per 100 grams of rubber. All other antioxidants were added at 
this molar concentration. The measurements were carried out in two series 
and the oxidation rate data are given in Table III. These show that the value 
of kq is in general influenced more by the presence of an antioxidant than is ro. 


III 
OxipaTIon Rate Data at 100° C 


—re X10", kes 104, 


Series I 


None 3.90 
PBNA 2.30 
Tonal 2.0 
A-2246 
A-4010 
DPPD 
DMA 
BCA 


oN 


None 

PBNA 
A-2246 
DPPD 


woso: 


S588 


2.7 
5.6 
3.1 
1.7 
1.1 
2.3 
Il 
22. 
2.7 
2.5 
1.4 
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Taste IV 
Apso.ute Scission Vevocirry Data 


No —k X10*, 
chains g.~ min,“ chains min.“ 


Series I 


NN S oo 


Table IV lists the scission velocity data on Series I and II. The initial 
chain density No, the scission velocity constant k, and the initial scission veloc- 
ity are reported. A comparison of these values for both series will give an 
estimation of the mix-to-mix variation. The vulcanizates of Series II were 
completely recompounded. 

Table V contains values for ¢o obtained in two ways. The first column 
gives those from calculating ¢ at several times during the oxidation and relaxa- 
tion runs and then plotting as a function of time as shown in Figures 6 and 7. 
The intercept of these curves with the ¢ axis yields ¢p. The second column 
contains calculated values using ro and (dN /dt)o. 

For all of the vulcanizates except that containing DPPD, essentially 
equivalent values for @o are found. These values give an average of 1.5. This 
indicates that under the initial conditions none of the antioxidants except 
DPPD influence ¢o. The reason for the unique behavior of DPPD is not 


TaBLe V 
Reciproca. Scission Errictency 


kg 
molecules Or 
scission ™ 
min,“ 


Antioxidant 


PBNA 
Ionol 
A-2246 
A-4010 
DPPD 
DMA 
BCA 


3.5 


None 

PBNA 
A-2246 
DPPD 


*Ex ted value. 
Calculated using ro and (dN/dt)s. 
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PBNA 76.8 10.4 ; 
Ionol 69.2 14.1 
A-2246 71.7 10.4 
A-4010 70.7 3.32 
DPPD 70.0 3.35 ; 
DMA 70.0 4.98 
BCA 76.8 10.4 ; 
Series II 
None 72.5 19.1 13.9 
PBNA 71.6 7.45 5.3 
A-2246 68.3 6.50 44 
DPPD 68.3 3.09 2.1 
Series I 
1.6 |_| 
2.0 — 
1.4 14 
2.2 1.4 q 
1.5 1.3 J 
1.5 2.9 : 
Series II 
1.3 1.3 6.0 
1.4 1.6 2.7 
1.4 1.6 2.3 
2.4 2.8 1.7 
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known. This antioxidant was also unique in the vacuum relaxation measure- 
ments since it showed the most rapid relaxation of the entire group. Table 
VI lists some data on this point. This suggests the DPPD may interact with 
the crosslinks in vacuo in some manner causing scission to take place. 


O- OMA 
Series I b-BCA 


1 
19) 400 800 1200 


t, minutes 


Fia. 6.——Plots of @ versus time (Series I). 


+ 


O-No Antioxidant 
X-PBNA 

0-A-2246 
4-DPPO 


Series I 


800 


t, minutes 


400 


Fia. 7.—Plots of @ versus time (Series II). 


The value of ¢o indicates that under initial conditions the scission reaction 
does not occur as an adjunct to an initiation or termination act in a kinetic 
chain of long length. If it did, ¢o (or @) would be large (20-100). It may 
occur in a chain of short length, however. The fact that antioxidants do not 
influence it indicates that only the over-all rate of oxidation is affected by anti- 
oxidants and not the initial scission efficiency. 

Figures 6 and 7 are plots of @ versus time. The most noticeable effect of the 
antioxidants is to decrease the slope and curvature in comparison to the control 
with no antioxidant. The slope of the initial portion of the curves was meas- 
ured and is reported in Table V as k,. The value of k, for the control is only 
approximate due to the pronounced curvature of the line. It is apparent that 
for the control k, is greater than for the well protected vulcanizates by a factor 
of 3 to 4. The rapid rise in @ for the control indicates that more oxygen is 
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X-PBNA 
@-A-4010 
©- OPPD 
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Taste VI 
Vacuum ReLaxaTION at 100° C 


Antioxidant S8/S8¢ at 1000 min, 


None 0.84 
PBNA 0.84 
Tonol 0.82 
A-2246 0.85 
A-4010 0.79 
DPPD 0.74 
DMA 0.85 
BCA 0.85 


required per chain scission as time elapses and the scission efficiency drops 
markedly. The presence of an antioxidant maintains the reciprocal efficiency 
at a minimum or the efficiency 6 at a maximum during the early part of these 
curves. 

Bueche® has shown theoretically that, for a nonrandom chain scission of a 
vulcanizate or network, a linear dependence of log stress (or reduced stress) on 
time is to be expected. Conversely, a random chain scission reaction results in 
a nonlinear relaxation curve convex to the time axis. The linear experimental 
curves of Figure 5 strongly suggest that the degradation of the MBTS vul- 
canizate is the result of a nonrandom process. For such a process the polymer 
chain must be especially reactive at or near the crosslink or some reactive site 
with either oxygen or an intermediate in the kinetic oxidation chain. Also the 
scission reaction must occur without delay after reaction with O, or the inter- 
mediate. These reactive sites in a rapidly oxidizing sample would be quickly 
depleted due to their enhanced reactivity. Oxidation, no doubt, would proceed 
at the less reactive sites along the polymer chain at a much smaller rate. If 
the probability of a scission at these relatively inactive sites is low and con- 
versely high at the reactive sites, @ would increase with extent of reaction or 
time. The curves of Figures 6 and 7 show that the vulcanizates behave exactly 
in this manner. 

What effect would the presence of an antioxidant have on this sequence? 
Clearly the over-all rate of oxidation would be decreased and any oxidation 
that did occur would take place at the localized reactive sites in preference to 
other sites. The protected vulcanizate would maintain a low value for ¢ for a 
reasonably long time under these circumstances until the antioxidant became 
nearly exhausted. This behavior is observed experimentally. 

According to the foregoing argument, the value of ky should be related to the 
inhibiting power of an antioxidant with low values of ky indicating good inhibit- 
ing or antioxidant action. If a significant correlation can be found between 
ky and other parameters which reflect the inhibiting power of antioxidants, the 
proposed explanation may be strengthened. 

Bolland and Ten Have’, in working with a series of inhibitors using ethyl 
linoleate as the oxidation substrate, developed the following equation to assess 
inhibiting power of antioxidants: 


K = (AH)(RH)r,/r,? (8) 
where (AH) = antioxidant concentration, (RH) = hydrocarbon concentra- 


tion, r, = initial rate of inhibited oxidation, and r, = initial rate of uninhibited 
oxidations. K is a reciprocal measure of inhibiting power. When K values are 
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K mole mole-' mim 


2 3 4 


k io” molecules scission-! min-'! 


Fie, 8.—Plot of K versus kg at 100° C. 
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2 3 « 
10> molecules scission-' min.~! 


Fie. 9.—Plot of k versus kg at 100° C. 
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calculated for Series I and II and plotted versus k,, the result is shown in 
Figure 8. The coefficient of correlation is 0.92, which indicates a significant 
correlation. A similar plot was made for the scission velocity constant k and 
ky, the results of which are shown in Figure 9. The correlation coefficient here 
is 0.91 and equally significant. Both of these correlations offer added support 
to the explanation proposed to account for the dependence of @ on time of 
oxidation. 

The possibility that localized reaction and subsequent scission at some 
reactive point along the polymer chain other than at the crosslink cannot be 
overlooked. Such a reactive site could possibly arise from the formation of 
sulfur containing groups other than crosslinks, such as cyclic sulfides. Some 
experiments on the chain scission efficiency of butyl (IIR) rubber vulcanizates 
were performed to provide some information on this point. The isoprene units 
are the only reactive sites in IIR, the remainder of the chain consisting of inert 
polyisobutylene. Table VII lists some data for two IIR vulcanizates. The 
formulations used will be found in Table VIII. The values of ¢o are reasonably 


Tasie VII 


OxtpaTION Rate aND Scission Vevociry ror Bury. 
VuLCANIZATES aT 100° C 


—(dN/dt)o 
x10", 10-18, 
No X10, scissions molecules oe, 
chains —k X104, molecules 
Compound min,™ min,“ scission 


46-MBT 13.0 7.9 1.03 1.8 1.7 
47-TMTD 62.4 3.31 2.07 1.9 1.0 


Cured 50 min. at 302° F. 


Taste VIII 
Butyt ForMULATIONS 


Butyl 

Zine oxide 
Sulfur 
Stearic acid 
MBT 
TMTD 


MBT = mercaptobenzothiazole. 
TMTD tetramethylthiuram disulfide. 


close for the two vulcanizates and give an average value of 1.4. This is in 
good agreement with the value of 1.5 found for six of the natural rubber vul- 
canizates. Figure 10 contains the vacuum and oxygen relaxation curves for 
the TMTD vulcanizate, and clearly demonstrates the need for vacuum relaxa- 
tion measurements. 

Plots of @ versus time for the two IIR vulcanizates are given in Figure 11. 
The similarity between these and those for protected natural rubber vulcani- 
zates is obvious. The ¢ values do not change rapidly with time in either case. 
This similarity indicates that only a small amount of oxidation in a well-pro- 
tected natural rubber vulcanizate occurs at sites along the chain other than at 
the crosslink. The analogous behavior of Butyl and natural rubber vulcani- 
zates gives strong support to the nonrandom scission concept. 
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100.0 100.0 
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800 1600 2400 
t, minutes 


Fie. 10.—Stress relaxation curves for butyl! TMTD vulcanizate at 100° C: 
(A) In oxygen. (B) In vacuo, (C) Corrected curve. 


t, minutes 


Fia. 11.—Plot of @ versus time for butyl vuleanizates at 100° C. 
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Some additional evidence supporting nonrandom scission is the well-estab- 
lished fact that the oxidation rate of MBT (or MBTS) vulcanizates is directly 
proportional to the amount of organically combined sulfur*. Since sulfur is 
used to produce the crosslink, it seems reasonable that such behavior would be 
found if the preponderate oxidation occurred at the crosslinked site. 

Tobolsky’ reported initial values for molecules of O» per chain cut of 0.3, 
0.3, and 0.7, respectively, for SBR, IIR, and SIR. The measurements were 
made at 130°C. The assumption of random chain scission was made, and an 
equation was derived to relate the number of scissions to the reduced stress. 
No vacuum relaxation was carried out. While these data are of interest, it is 
difficult to visualize a process that requires less than one molecule of Og per 
chain scission. Similarly Baxter, Potts, and Vodden* also reported values of 
less than one for the same quantity. They found values of 0.80, 0.85, 0.90, and 
0.82 for a natural rubber vulcanizate containing no antioxidant, 1.5 phr PBNA, 
1.5 phr acetone-aniline condensation product, and 1.5 phr alkylated phenol, 
respectively, at 120° C. No vacuum relaxation measurements were made. 
At temperatures near and above 100° C the network of a vulcanizate is suscepti- 
ble to chain scission reactions not involving oxygen. This susceptibility will 
depend on the type of vulcanizate and type of polymer. Any meaningful 
measurement of chain scission by oxygen must allow for such phenomena. 

Berry and Watson‘ have recently reported on stress relaxation measurements 
of sulfur and peroxide vulcanizates. The sulfur vulcanizates give appreciable 
relaxation in vacuo and more rapid relaxation in oxygen. From the theoretical 
analysis as to the types of relaxation curves to be expected, it was concluded 
that the relaxation of sulfur vulcanizates in air is consistent with a first order 
scission of two types of crosslinks. Further, the shapes of the vacuum relaxa- 
tion curves are of the same shape as experimentally observed in this work. No 
correction was made for the vacuum relaxation in order to determine what type 
of relaxation curve resulted from oxidative scission alone. Examination of 
their graphs indicates that a first order curve is highly probable. They are in 
agreement with Bueche in showing that nonrandom scission is represented by 
a linear plot of log reduced stress versus time. 


APPENDIX 


The stress or force of retraction in an elongated vulcanizate can be generally 
described according to: 


Sr = Sy + Ser (9) 


where Sr = total measured force, Sy = a component of force termed the “‘vis- 
cous "component, and Sg = the elastic component. If either Sy or Sg is time- 
dependent, then S,7 will be time-dependent. Sy is normally time-dependent 
while Sg is time-dependent only if some degradation occurs to alter the network 
structure. This alteration of the network results from chain scission. If more 
than one type of scission occurs, then Sz is the sum of several subcomponents. 
Only one type of scission is of interest, that due to oxygen. To obtain the rate 
of relaxation due to oxidative scission alone, the measured rate of relaxation in 
oxygen is corrected for nonoxidative relaxation. This nonoxidative relaxation 
may be viscous in origin, or it may be due to nonoxidative scission. It is most 
probably a combination of both. Let the term Sy be redefined to include re- 
laxation from all processes other than oxidative scission. Let Sg be redefined 
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as the equilibrium force of retraction. Once Sx is obtained as a function of S7 
and Sy, its time variation may be followed and correlated with the oxidation 
rate: 

Se = Sr — Sy (10) 


Reference to Figure 12 will show in schematic form a typical vacuum and oxygen 
relaxation curve. In the vicinity of the point X the rate of decrease of (S/So)r 
in a vacuum relaxation is essentially zero. (S/So)7 is the total measured re- 
duced stress. Since (S/So)r has reached an approximate limiting value the 


1.0 


TIME 


Fig, 12.—Schematic vacuum and oxygen relaxation curves. 


decay of component Sy, which this curve represents, is essentially complete 
and : 
Sy =0 (11) 
hence: 
Sze = Sr (12) 
From the figure: 
C = 1 — (S/So)'™ (13) 


where (S/So)' is the limiting reduced stress. A multiplication of Sr by 
(S/So)' will give Sg at zero time: 


Se = (S/So)'im x Sr (14) 


Subtraction of Sg from Sr will give Sy at zero time: 
[Sv Jo = Sr ane Se (15) 


Equations (11) and (15) give Sy at some large value of time when the major 
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amount of oxidative relaxation has occurred and Sy at zero time. For Sy at 
any time ¢: 
[Sv]: = [Sv]o X F (16) 


F is a factor representing the fractional amount of decay in Sy at any time ¢, 
and: 
F = b/C = (C —a)/C (17) 


F varies from unity at zero time to zero at some long time represented by point 
X. For any time t: 


(Se) = (Sr): — [Sv]o X F (18) 


From the values of [Sg]; the reduced stress may be obtained with: 


= (S/So)e (19) 


SYNOPSIS 


The efficiency of the oxidative chain scission in natural rubber vulcanizates 
has been measured for a simple MBTS vulcanizate with and without antioxi- 
dants. This was accomplished by making concurrent measurements of the 
chain scission velocity and oxidation rate. The chain scission velocity was 
obtained from stress relaxation measurements which were corrected for the 
relaxation not due to oxgyen by means of relaxation in vacuo. The reciprocal 
scission efficiency, defined as the number of molecules of O2 per chain scission, 
was found to be 1.5 as a mean for six vulcanizates both with and without anti- 
oxidant. The decrease in network chains was found to be first order. From 
the theoretical analysis by Bueche such behavior has been interpreted to indi- 
cate a nonrandom scission process with the scission occurring at the crosslinked 
site. The form of the dependence of the reciprocal scission efficiency on time, 
in vulcanizates with and without antioxidant, is consistent with nonrandom 
scission. Experiments on butyl vulcanizates and the known effect of crosslink 
density or combined sulfur on oxidation rate further strengthen the concept 
of scission at the crosslinked site. 
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THE CHEMISTRY OF THE ACTIVE MOLECULES 
FORMED IN THE MECHANICAL DEGRADATION 
OF POLYMERS * 


A. A. 


Moscow Inerrrore or THe Meat ann Inpvereyr, 
oscow, U.8.8.R. 


At the present time there is a multitude of data indicating that when poly- 
styrene’, natural rubber’, polyvinyl acetate’, cellulose‘, starch®, proteins® and 
other high molecular weight compounds are mechanically ground up, a degrada- 
tion of the polymeric chains is observed. 

The mechanical scission of macromolecules during grinding in a colloid or 
ball mill, or when they are broken down on mill rolls, proceeds most rapidly at 
temperatures below the range of the viscous-fluid state, since under these condi- 
tions the forces of intermolecular interaction are considerably greater than the 
strength of the covalent bond. However, the mechanical destruction of mac- 
romolecules is also possible through certain mechanical effects acting on solu- 
tions of polymers. Thus, for instance, the force of friction generated in the 
flow of a 0.05% solution of polystyrene (M., = 6 X 10°) in tetralin through a 
platinum capillary is due to the scission of macromolecules, which brings about 
a 30% decrease in the specific viscosity’. 

The significant gradients in the rate and in the forces of friction and cavita- 
tion developed in polymer solution through the action of ultrasonic waves with 
frequencies of the order of 200-300 kilocycles/sec. are due to the mechanical 
scission of macromolecules of polystyrene, rubber, polyvinyl acetate, cellulose 
and a number of other high molecular weight compounds’. 

It has recently been established that agitating a 20% solution of poly- 
methacrylic acid with a high speed stirrer (12,000 rpm) for 2 minutes reduces 
the specific viscosity of the polymer by more than 60%. 

The work of our laboratory has shown that the pressure developed by the 
freezing of water or the phase conversion of a number of other solvents (e.g., 
benzene) causes a mechanical scission of macromolecules of the polymers (starch, 
gelatin, polystyrene, polymethylmethacrylate). 

A decrease in the average degree of polymerization during the low-tempera- 
ture processing of cellulose swelled in water or alkali solutions has been noted 
in the work of Nikitin and Klenkova"’. 

The mechanism of the degradation of polymers by mechanical action must 
be determined by: (1) the chemical nature of the macromolecules, (2) the physi- 
cal condition of the polymer, and (3) the medium in which the rupture of the 
polymeric chains takes place. 

Taking into consideration that the macromolecules of polymers may contain 
ionic as well as covalent bonds in their principal chains, three basic scission 
mechanisms are possible under the action of mechanical forces: radical, ionic 
and radical-ionic mechanisms. 


° Translated for Rossen & by Malcolm Anderson from the Doklady Akademit 
Nauk SSSR, Vol. 110, No. 3, pages 401-403 (1956). 
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When mechanical degradation is carried out in an atmosphere of air or in a 
chemically reactive solvent as the medium, processes of oxidative destruction, 
alcoholysis, hydrolysis, ete.", activated by mechanical action can occur, in 
addition to the mechanical scission. These reactions must be taken into ac- 
count in the study of any mechanico-chemical process. Under the proper con- 
ditions (the exclusion of oxygen, a lower temperature, the use of an inert 
medium), the chemical transformations mentioned above may be reduced to a 
minimum, 

The formation of polymeric radicals (‘‘macroradicals’’) may be expected in 
a case where the polymer chains contain only covalent bonds: 


| 


| 

| 
In cases where less stable ionic bonds enter into the composition of the poly- 
mer chain or three-dimensional structure, or else where the strength of the 
ionic bonds is reduced by the presence of a medium with a high dielectric con- 


stant, the mechanical scission of macromolecules with the formation of ionic 
compounds becomes probable: 


| 
| 


And finally, cases are theoretically possible in which the decomposition of 
the macromolecules occurs through the ionic and covalent bonds, with the 
formation of radicals. 

The formation of macroradicals during the plasticization or mechanical 
grinding of organic polymers, and the possibilities of chemical transformations 
of these radicals, are mentioned in the writings of Soviet research workers". 
The hypothesis of a radical mechanism in the scission of macromolecules during 
the mechanical rupture of polymer chains is confirmed by a large number of 
experimentally verified facts, including” the initiation of polymerization by 
mechanical degradation products of polymers, and the reaction of such de- 
gradation products with monomers and free radical acceptors, the ability of 
such products to recombine to form polymers, and so on. 

On the basis of the data on the properties of polymeric radicals, which is 
still quite incomplete, it can be stated the mono- and biradicals formed in me- 
chanical degradation should be different from their low molecular weight homo- 
logues, which have less mobility, a more prolonged life, and a lower reactivity 
resulting from the spatial difficulties caused by the stiffness of the macroradical 
chains, the existence of side groups and the branching. 

The use of mechanical treatment of a polymer for a controlled activation of 
its chemical transformations, and in particular of the chemical reactions of 
polymeric radicals formed in the mechanical degradation of macromolecules, 
opens new possibilities for the development of the chemistry and technology of 
natural and synthetic high molecular weight compounds. 

The macroradicals formed by different types of mechanical scission of the 
polymer chains may be used as initiators of polymerization and depolymeriza- 
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tion, and as active reagents for the preparation of new types of copolymers 
through reaction not only with monomers but also with macroradicals of other 
polymers. 

The reaction of transferring chains from macroradicals to polymers is also 
of great interest. These processes open up great possibilities of regulating the 
degree of crystallinity and for the synthesis of branched high molecular weight 
compounds. Degraded polymers obtained by the mechanical scission of 
slightly soluble and insoluble polymers can be used for the preparation of new 
thermoreactive resinous substances. The scattered and incomplete experi- 
mental data so far available attest that the active molecules formed in the 
mechanical destruction of proteins and polysaccharides bring about many of 
the processes that take place in a living organism, as well as in the processing 
of plant and animal raw materials. Thus the study of the chemical transform- 
ations of macroradicals may make it possible to solve many problems of bio- 
chemistry, biology and medicine. 

As was mentioned, it is possible for ionic compounds to be formed in the 
mechanical degradation of polymers containing ionic bonds in their main 
chains. Polymers of this kind include” silicate glasses, asbestos, feldspar, mica 
and other minerals in which the so-called skeleton structure predominates. 
Analogous products with an organic polymer base may also be obtained synthet- 
ically (for instance, the salts of polycarboxylic acids and of divalent or poly- 
valent metals, polymetallo siloxanes, etc.). 

It has recently been found that when polysilicates are ground up intensively, 
highly reactive products are formed which can react with the components of 
Portland cement. This fact, observed experimentally, gives a basis for the 
conclusion that in the grinding process a rupture of the ionic bonds takes place, 
leading to the formation of macroionic structures of the type: 


| | 
O ( O 
| i+ | i- | 1+ i= 
| | | 
0 0 d 


Polymeric ions can also play a great part in catalysis, adhesion, filler proc- 
esses, in the preparation of thermally stable polymer compounds, in the pro- 
duction of silicate materials, as well as in the formation of mineral rocks. 

On the basis of the above, we have come to the conclusion that the time has 
now arrived when it is necessary to develop a new branch of science—the me- 
chanical chemistry of high molecular weight compounds. Development work 
in the field of investigating the kinetics and mechanism of the processes which 
occur during various types of mechanical degradation of polymers, as well as 
the study of the numerous chemical transformations of the active macromole- 
cules formed thereby, will no doubt make it possible to solve many problems 
existing today in various fields of science and industry. 
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THE MECHANISM OF THE DEACTIVATING EFFECT * 


JEAN LE Bras AND JEAN CLAUDE DANJARD 


Faencn Rosser Inerirure, Panis, France 


It was shown by one of us' that certain substances, called deactivators, can 
protect vulcanized rubber against aging by a process which is different from 
that of antioxidants. The proposed mechanism involved a deactivation of the 
primary peroxides by transforming them into oxides of rubber without causing 
any chain scission. This hypothesis, however, did not appear to be completely 
satisfactory. In fact, deactivators do not protect raw rubber against oxida- 
tion’, but actually accelerate its degradation in solution’, especially in the pres- 
ence of a peroxide which enhances this deterioration*. Moreover, it was shown 
that the deactivators possess a chemical structure which is very similar to that 
of certain vulcanization accelerators’, and also that they have an effect on the 
vulcanization. This had led to the suggestion that their effect could be at- 
tributed to the initial structure of the vulcanized rubber*’. 

We have considered the possibility of obtaining some useful information on 
this subject by means of stress relaxation measurements which involve the 
decrease in tensile strength with time of a stretched test piece. The measure- 
ments were carried out either by maintaining the test piece at constant elonga- 
tion (continuous relaxation), or by stretching the relaxed sample to a constant 
elongation from time to time (discontinuous relaxation). It has been estab- 
lished* that the continuous relaxation method accounts solely for the chain 
scissions which are produced in the vulcanized rubber network, whereas the 
intermolecular linkages formed during the tests contribute to the discontinuous 
relaxation picture. The results of some preliminary experiments we have 
carried out are given in Figure 1. Two rubber compounds, accelerated with di- 
phenylguanidine and mercaptobenzothiazole, respectively, and known to have 
quite different aging properties, were employed. Vulcanizates containing 
either an antioxidant A (phenyl-2-naphthylamine) or a deactivator D (zine 
mercaptobenzimidazolate) were compared with the control vulcanizates T. 

With the continuous relaxation method, it was seen that: (1) Curve D was 
very close to Curve T in the two cases, thus indicating that the deactivator had 
no effect on chain scission, even though the antioxidant did retard degradation, 
according to Curve A; and (2) the relative positions of the Curves T showed that 
the linkages formed by the accelerator were more resistant to oxidation with 
MBT than with DPG. With the discontinuous relaxation method, on the 
other hand, it was seen that: (1) the separations between Curves T and A were 
about the same in both cases, as a result of the sole retarding effect of A on 
chain scission; and (2) according to Curves D, the deactivator played a protec- 
tive role which was quite efficient in the DPG compound, but which was clearly 
less so in the MBT compound. Since the deactivator did not affect the chain 
scission, it must be considered capable of creating new linkages during aging, 
the difference between the protection observed in the DPG compound and that 

* Translated by M. A. Golub for Russen Cuemisrry ann Tecuno.Locy from Comptes rendus des aéances 
de U' Académie des Sciences, Vol. 244, pages 459-461 (1957). 
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in the MBT compound corresponding to the relative stabilities of these linkages. 
Accordingly, the deactivating effect is now explained in terms of a mechanism 
involving the formation of links which can partly repair the damage caused by 
chain scission in the three-dimensional network of vulcanized rubber. The 
determination of free sulfur in the vulcanizates during aging at either ordinary 
or elevated temperatures strongly supports the view that it is combined with 
the rubber to a much greater extent in the presence of the deactivator (for 
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Fic. 1.—Stress relaxation curves at 100° C for test pieces at an elongation of 50%. The abscissa represents 
tensile strength at time ¢ 


— in per cent. 
initial tensile strength ) . 


time in hours, and the ordinate gives the quantity ( 


example, in the case of the DPG compound, 50 per cent of the free sulfur was 
combined in the presence of the deactivator after aging 5 days at 80° C com- 
pared to 31 per cent for the control). Another proof of this mechanism was 
that the deactivator did not protect against peroxides those vulcanizates in 
which sulfur was absent, presumably because this element was not available to 
the deactivator for the formation of links. 

Thus, for an ideal deactivating effect, the mean density of crosslinks does 
not vary. Instead of a prevention of chain scission as assumed in the original 
hypothesis, there is a replacement of these scissions by new linkages so that 
the mechanical properties of the polymer are maintained. In practice, the 
efficiency of protection imparted by a deactivator will be greater the greater the 
stability of the bonds which it can form, and the smaller the stability of the 
bonds resulting from the accelerator employed. 
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QUANTITATIVE DETERMINATION OF ANTIOXIDANTS 
AFTER CHROMATOGRAPHIC SEPARATION ON 
COMPLETELY ACETYLATED FILTER PAPER. 

I. DETERMINATION OF PHENYL-1-NAPH- 
THYLAMINE AND OF PHENYL-2-NAPH- 
THYLAMINE * 


J. W. H. Zip 


Russer Reseancu T.N.O., Deter, 


INTRODUCTION 


A method for the quantitative determination of antioxidants can be applied 
not only to normal rubber analysis and to mixing control in the rubber factory, 
but also to investigations concerning the consumption of antioxidants during 
the aging of rubber compounds. 

The quantitative determination of these compounding ingredients is com- 
plicated by their relatively low concentrations in vulcanized rubber and by the 
possible presence of interfering substances. Difficulties may be presented 
also by the decomposition or oxidation products, which may be formed during 
mixing, during vulcanization and/or during aging. 

Therefore it is desirable to isolate and purify the antioxidants to be deter- 
mined, prior to their quantitative estimation. In an earlier paper' the identi- 
fication of antioxidants is described after a chromatographic separation on 
completely acetylated? Whatman paper No.1. Now it has appeared that this 
acetylated filter paper is also very useful in quantitative experiments. 

After the chromatographic separation, a substance, originally applied on 
the base line of a strip of acetylated Whatman paper No. 1, can be found— 
within the experimental error—quantitatively in the final spot. It is supposed 
that due to the acetylation the possibility of adsorption and of ion exchange has 
been considerably decreased and that the partition character of the chromato- 
graphic separation is more explicit on acetylated paper strips than on unmodi- 
fied paper. 

A further advantage of the completely acetylated filter paper is its capacity 
to separate water insoluble compounds. A disadvantage is the more limited 
choice of mobile phases due to the solubility of cellulose acetate in some organic 
solvents. 


* Reprinted from Recueil des Travaur Chimiques des Pays-Bas, T.76, No. 4, pages 313-316, April 1957. 
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GENERAL PROCEDURE 


A scheme of this newly developed method for the quantitative estimation 
of antioxidants is given below. 


rubber 


Unvuleanized rubber 


Benzene extraction Extraction with Alcohol-Benzene 


Separation by partition chromatography 
on acetylated 7 paper No. 1 


Color reaction and quantitative determination. 


One g. of the finely divided rubber compound, or eventually 2 g. after a pro- 

longed aging test, are extracted with benzene for eight hours in a Soxhlet hot 
extraction apparatus. Due to the solubility of the rubber hydrocarbon in 
benzene, uncured samples have to be extracted with a mixture of equal amounts 
of alcohol and benzene. The extract is partially evaporated and after cooling 
poured into a 10 ml. volumetric flask. The volume is made up to 10 mi. with 
benzene. By means of a micropipette of 0.1 ml. calibrated in 0.001 ml. an 
appropriate amount of the extract is placed on the base line of a strip of com- 
pletely acetylated Whatman paper No. 1. After drying of the spots the 
chromatogram is formed for 16 hours by the ascending method, a mixture of 
equal amounts of alcohol and benzene being used as the mobile phase. 

Because most antioxidants are visible in ultraviolet light, the spots on the 
dried chromatogram are observed in U.V. and are marked with a lead pencil 
line. The spots are cut out and eluted for 90 minutes by hot extraction with an 
appropriate organic solvent. The eluate is poured into a 25 ml. volumetric 
flask. A suitable color reagent is added and the volume is made up to 25 ml. 
The quantitative determination is performed colorimetrically. 

In connection with the oxidizability of most antioxidants, all operations 
have to be preferably carried out in the dark. Coloring of the spots on the 
chromatograms and subsequent elution is not recommended because possibly 
the reaction may not be quantitative and because in case an oxidation reaction 
is used, this reaction may proceed to uncolored products. 

In case about 1 part of antioxidant per 100 parts of rubber is present in the 
vulcanizate, most antioxidants can be determined with an accuracy of 2 per 
cent. After a prolonged aging test the concentration of the antioxidant may 
be considerably diminished, and the quantitative determination is correspond- 
ingly less accurate. 


QUANTITATIVE DETERMINATION OF PHENYL-2-NAPHTHYLAMINE 


For the quantitative estimation of phenyl-2-naphthylamine (P.B.N.) the 
color reaction with diazotized sulfanilic acid has been applied, whereby in acid 
medium a reddish azo dye is formed. Diazotized sulfanilic acid is to be pre- 
ferred above other diazotized aromatic amines, because the former can be 
simply synthesized and purified’. This intermediate purification gives better 
reproducibility of the results. It is, however, necessary to prepare the hydro- 
chloric acid solution of the diazotized sulfanilic acid about one hour before use. 
This solution is stable for at least 48 hours. The colors of the dye are compared 
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at a wave length of about 500 my, using filter 50 of the Engel-colorimeter 
(P. J. Kipp & Zonen, Delft, Holland). The reaction of P.B.N. with the diazo 
reagent is not instantaneous. The color intensity reaches its maximum in about 
8 minutes and remains constant for about 20 minutes. Although the extinc- 
tions are slightly dependent on the reaction temperature, carrying out the 
reaction at room temperature is satisfactory. 


PROCEDURE 


The chromatograms on the completely acetylated Whatman paper No. 1 
are formed in the method described above. The spots of P.B.N. (Ry; = 0.64) 
are eluted for 90 minutes with alcohol. After cooling, the extract is poured into 
a 25 ml. volumetric flask and 5 ml. of the diazo reagent (a 0.05 per cent solution 
of diazotized sulfanilic acid in a mixture of 1 part of alcohol, 1 part of distilled 
water and 2 parts of 8 N hydrochloric acid) are added. The volumetric flask 
is brought to volume with alcohol. After exactly 15 minutes the extinctions 
are compared at a wave length of about 500 my, setting the colorimeter at zero 
absorbancy with the blank. A calibration curve gives the concentration of 
P.B.N. For the preparation of this curve recrystallized P.B.N. (from ethanol) 
has been used. 


QUANTITATIVE DETERMINATION OF PHENYL-1-NAPHTHYLAMINE 


For the quantitative determination of phenyl-l-naphthylamine (P.A.N.) 
the same color reaction may be used as has been used for the estimation of 
P.B.N. In acid medium a violet azo dye is formed by the coupling reaction of 
P.A.N. with diazotized sulfanilic acid. The colors obtained are compared at a 
wave length of about 570 my, using filter 57 of the Engel colorimeter. 

It has appeared that the colorimetric determination of P.A.N. can be car- 
ried out under exactly the same conditions as the determination of P.B.N. 

For the preparation of a calibration curve, the purification of P.A.N. may 
be performed by percolation of the P.A.N. solution in light petroleum over 
an alumina column. The impurities and oxidation products remain on the 
column. 

Both procedures have been checked with the analysis of vulcanizates of 
known composition. Examples are given below. 


Crepe R.M.A.1. 100 parts 100 parts (by weight) 
Zine oxide 5 parts 5 parts (by weight) 
Stearic acid — parts 1 parts (by weight) 
Sulfur 2.5 parts 2.5 parts (by weight) 
Carbon black (E.P.C.) - parts 20 parts (by weight) 
Santocure 0.8 parts 1 parts (by weight) 
P.B.N. 1 parts — parts (by weight) 
P.A.N. - parts 1 parts (by weight) 
Cure 20 minutes at 142° C 

Concentration of antioxidant (calculated) 0.91% 0.68%* 

Concentration of antioxidant (found) 0.91 0.92% 0.70 0.71% 


* A correction has been applied in connection with the 12% of impurities in the commercial product. 


The methods described for the quantitative determination of P.A.N. and 
P.B.N. have been applied to an investigation concerning the consumption of 
these antioxidants during accelerated aging tests. The results of these investi- 
gations will be published soon. 
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SUMMARY 


In this paper a general method for the quantitative determination of anti- 
oxidants is described. After isolation from the rubber compound the antioxi- 
dants are separated by partition chromatography, using completely acetylated 
Whatman paper No. 1. 

A detailed procedure is given for the quantitative determination of pheny|l- 
l-naphthylamine and of phenyl-2-naphthylamine. These antioxidants are 
coupled with diazotized sulfanilic acid and determined colorimetrically. 
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QUANTITATIVE DETERMINATION OF ANTIOXIDANTS, 
AFTER A CHROMATOGRAPHIC SEPARATION ON 
COMPLETELY ACETYLATED FILTER PAPER. II. 
DETERMINATION OF SOME p-PHENYLENE- 
DIAMINE DERIVATIVES* 


J. W. H. Zispe 


Rusper Iwerttrere T.N.O., Deter, Netruer tanps 


In a previous paper', a general method has been described for the quantita- 
tive determination of antioxidants. This general method can also be applied 
to the quantitative estimation of three p-phenylenediamine derivatives, 
whereby benzoy! peroxide is used for the oxidation to the corresponding p-quin- 
onediimines. The colors of these products can be compared colorimetrically. 


QUANTITATIVE DETERMINATION OF N,N’-DIPHENYL-p- 
PHEN YLENEDIAMINE 


For the quantitative determination, the antioxidant N,N’-diphenyl-p- 
phenylenediamine (D.P.P.D.) is dissolved in benzene. A 4 per cent solution of 
benzoyl peroxide in benzene is used as the color reagent. The oxidation re- 
action of d.p.p.d. with benzoyl peroxide to the yellow orange dipheny|l-p-quin- 
onediimine is almost instantaneous. The colors can be compared at a wave 
length of about 450 my, using filter 45 of the Engel colorimeter. 

The reaction may be carried out at room temperature because the reaction 
temperature is not critical. After prolonged boiling, however, the colors fade 
away due to a progressive oxidation to uncolored products. 

The color intensity appeared not to be dependent on the added amount of 
benzoyl peroxide. This is a convenient circumstance because the commercially 
available benzoy! peroxide may contain varying amounts of water, in view of 
the explosive nature of the water free products. 

Procedure.—\ g. of the finely divided rubber compound, or eventually 2 g. 
after a prolonged aging test, is extracted with benzene for eight hours in a hot 
Soxhlet extraction apparatus. The extract is partially evaporated and after 
cooling poured into a 10 ml. volumetric flask. The flask is brought to volume 
with benzene. By means of a micropipet of 0.1 ml., calibrated in 0.001 ml., an 
appropriate amount of the extract is placed on the base line of a strip of com- 
pletely acetylated Whatman paper No. 1. After drying of the spots the 
chromatogram is formed for 16 hours by the ascending method, a mixture of 
equal amounts of alcohol and benzene being used as the mobile phase. 

The spot of D.P.P.D. (R,; = 0.56) is observed in U.V. light, marked with a 
lead pencil line, largely cut out from the chromatogram and eluted for 90 min- 
utes with benzene. After cooling the extract is poured into a 25 ml. volumetric 


* Reprinted from Recveil des Travauz Chimiques des Pays-Bas, Vol. 76, No. 4, pages 317-320, April, 1957. 
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flask and 1 ml. of the benzoy! peroxide solution is added. The volume is made 
up to 25 ml. with benzene. 

The color extinctions are compared at a wave length of about 450 my, setting 
the colorimeter at zero absorbancy with the blank. The calibration curve 
gives the concentration of D.P.P.D. This curve may be prepared with recrys- 
tallized (from carbon tetrachloride) D.P.P.D. 


QUANTITATIVE DETERMINATION OF DI-2-NAPHTHYL-p- 
PHENYLENEDIAMINE 


The quantitative determination of di-2-naphthyl-p-phenylenediamine 
(D.N.P.) can be performed analogously to the method described above for the 
estimation of D.P.P.D., but two alterations are necessary because the antioxi- 
dant D.N.P. is difficultly soluble in most organic solvents. In the first place it 
appeared to be necessary to pour the benzene extract of the rubber compound in 
a 25 ml. volumetric flask instead of a 10 ml. one, in order to prevent the pre- 
cipitation of the antioxidant. In the second place also the ‘‘tails’’ of the spots 
on the chromatograms have to be cut out. Because these spots are oblong and 
of uniform width and because the R,-values of the spot fronts (0.55) appear to 
be independent of the amount of D.N.P., originally placed on the base line, it is 
clear that this tailing of the spots is due to the slight solubility of D.N.P. and 
that in consequence thereof these tails have to be cut out too. 

The colors are compared at a wave length of about 500 my (filter 50 of the 
Engel colorimeter). Recrystallized D.N.P. (from a mixture of equal amounts 
of acetone and benzene) has been used for the preparation of a calibration curve. 


QUANTITATIVE DETERMINATION OF N-PHENYL-N’-CYCLOHEXYL-p- 
PHEN YLENEDIAMINE 


The quantitative determination of N-phenyl-N’-cyclohexyl-p-phenylene- 
diamine (P.C.P.D.) may also be performed analogously to the estimation of 
D.P.P.D., but due to an impurity of D.P.P.D. in P.C.P.D. and due to the in- 
visibility of P.C.P.D. in ultraviolet light some alterations had to be made in the 
method. The impurity of about 1 per cent of D.P.P.D. could not be completely 
removed by crystallization. Because the two substances have different R,- 
values on completely acetylated Whatman paper No. | we have tried to prepare 
a calibration curve of P.C.P.D. after the chromatographic separation in order 
to prevent the errors caused by the impurity. 

The antioxidant P.C.P.D. is not visible in ultraviolet light. Therefore it is 
recommended to cut small grooves of 1 mm. width from the acetylated filter 
paper in order that the chromatograms cannot interfere. Substances of known 
R,-values can now be removed quantitatively from the paper and irregular 
chromatograms cannot be formed. 

Calibration curve.—By means of a micropipet of 0.1 ml., calibrated in 0.001 
ml. a series of 50, 100, 150, 200 and 250 yg. of P.C.P.D. (containing 1.0 per cent 
of D.P.P.D.) are placed on the base line of a grooved strip of completely acety- 
lated Whatman paper No. 1. The chromatogram is formed by the method 
described above for D.P.P.D., after which the spots of P.C.P.D. (R, = 0.73), are 
largely cut out from the paper and eluted for 90 minutes with benzene. The 
eluate is poured into a 25 ml. volumetric flask and | ml. of a 4 per cent solution 
of benzoyl peroxide in benzene is added. The volume is made up to 25 ml. 
with benzene. 
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The colors are compared at a wave length of about 430 my (filter 43 of the 
Engel colorimeter), setting the apparatus at zero absorbancy with the blank. 
The graph of the measured extinctions as a function of the concentration can 
be used as calibration curve. 

The methods described have been checked with the analysis of various vul- 
canizates of known composition containing one of these three p-phenylenedi- 
amine derivatives. 


Crepe RMAI 100 

Zine oxide 5 

Sulfur 

Stearic acid 

Carbon black, EPC 

Santocure* 

D.P.P.D. 

D.N.P. 

P.C.P.D. 

Cure at 142°C 30 min. 25 min. 25 min. 


Antioxidant concentration 
Calculated’ 0.84% 0.65% 0.69% 
Found 0.84 0.84% 0.61 0.62% 0.64 0.68% 


N-Cyclohexy lbenzothiazolyl-2-sulfenamide. 
* With a correction for impurities. 


The methods, newly developed for the quantitative determination of three 
derivatives of p-phenylenediamine, have been applied to investigations con- 
cerning the consumption of antioxidants during accelerated aging tests. The 
results of these investigations will be published later. 


SUMMARY 


In this paper methods are given for the quantitative determination of three 
antioxidants, viz., N,N’-diphenyl-p-phenylenediamine, N,N’-di-2-naphthyl- 
p-phenylenediamine and N-phenyl-N’-cyclohexyl-p-phenylenediamine. 

According to these methods the antioxidants are extracted from the rubber 
compound, separated by partition chromatography on completely acetylated 
filter paper and oxidized to the corresponding p-quinonediimines, after which 
these oxidation products are determined colorimetrically. 
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THE DETERMINATION OF 2-MERCAPTOBENZIMID- 
AZOLE * 


J. W. H. Zisp 


Russer T.N.O., Derr, 


INTRODUCTION 


2-Mercaptobenzimidazole (M.B.) is used in the rubber industry as an anti- 
oxygen or a deactivator. The term deactivator was proposed by J. Le Bras! 
who distinguishes antioxygens from deactivators. This compound is prepared 
by Farbenfabriken Bayer A.G., Leverkusen, with the name of “Alterungs- 
schutzmittel M.B."”" The 8.A. des Matiéres Colorantes et des Produits Chimi- 
ques de Saint-Denis (Paris) produces the zine salt of this compound under the 
name of M.T.B.Z. 

The T.N.O. Institute for Rubber Research, which has developed methods 
for the determination of various antioxidants, has extended this work to the 
analysis of M.B. This compound, in fact, is not only of practical interest to 
the rubber industry, but it is also interesting in the study of the deactivator 
effect. The present paper describes the results obtained from this investiga- 
tion. 

The method we have selected for the identification of M.B.? was partition 
chromatography on paper. For the quantitative determination of M.B., we 
made no attempt to develop a procedure based on this technique since a precise 
colorimetric method of analysis in this field is not yet available. 


ARGENTOMETRIC DETERMINATION OF M.B. 


Since the silver salt of M.B. is insoluble in water and in numerous organic 
solvents, the determination of M.B. may be carried out in a manner analogous 
to the argentometric titrations of the halogens. 

Several methods may be employed: 

(1) The Mohr titration.—M.B. is titrated with a silver nitrate solution in the 
presence of potassium dichromate as an indicator. The solubility product of 
the silver salt of M.B. is made use of so that the indicator endpoint coincides 
with the equivalence point of the reaction. 

(2) The Volhard titration.—-An excess of silver nitrate is added to give a pre- 
cipitate of the silver salt of M.B. In a medium acidified by the addition of 
nitric acid, the excess residual silver is titrated with a solution of ammonium 
thiocyanate in the presence of iron alum as an indicator. The precipitate ob- 
tained may be filtered before titration. 

(3) The Fajans titration, in the presence of adsorption indicators.—M.B. is 
titrated with silver nitrate in the presence of Rhodamine 6G as an indicator. 
Alternatively, silver nitrate may be added and the excess residual silver titrated 
with a chloride or bromide in the presence of fluorescein or eosin as indicator. 


* Translated by M. A. fe for Resser Curemisray Tecuno.ooy from Revue Générale du Caout- 
chouc, Vol. 34, pages 366-370 (1957). 
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A sample of M.B. was purified by two successive crystallizations from dis- 
tilled water. The melting point of the very pure substance obtained was 298° 
C. Since M.B. is not very soluble in cold water it is preferable to carry out the 
titrations in a medium which is at least partly organic. 

From the beginning of this work, we have seen that a given large quantity 
of M.B. generally does not completely show up in the titration and that the 
results of these measurements are often not reproducible. Laborious research 
has suggested the reason for these difficulties, but a definite interpretation is 
still lacking. 


RESULTS 


In performing the titrations under various conditions, we have obtained the 
following results: 

(1) 50 mg of M.B. dissolved in 96% alcohol were placed in a 100 ml. gradu- 
ated bottle to which were added 14 ml. of 6 N nitric acid, followed by 20 ml. of a 
0.1 N silver nitrate solution. The bottle was then filled with a 48% alcohol- 
water mixture. The contents were filtered and the first 15 ml. of the filtrate 
discarded. The next 50 ml. of the clear filtrate were collected, transferred to 
an Erlenmeyer flask and acidified with nitric acid. The excess silver nitrate 
was titrated with ammonium thiocyanate in the presence of iron alum as an 
indicator. 150% + 2% of the initial M.B. was always found. 

(2) 50 mg. of M.B. dissolved in 4 N ammonia were placed in a 100 ml. bottle 
to which were added 20 ml. of a 0.1 N silver nitrate solution, and the mixture 
made just acid (using litmus) with 6 N nitric acid. The bottle was filled with 
distilled water, the contents passed through a filter paper and the first 15 ml. 
of the filtrate discarded. The next 50 ml. of the filtrate were collected, trans- 
ferred to an Erlenmeyer flask and titrated with ammonium thiocyanate. The 
first method differed from the second in the medium used: the former involved a 
48% alcohol medium while the latter an aqueous medium. 100% + 1.5% of 
the initial M.B. was always found. 

(3) The same procedure as in (1) but with one modification: the largest 
possible amount of alcohol and the least possible amount of water were used. 
150% + 2% of the initial M.B. was always found. 

(4) The same procedure as in (1) (with 48% alcohol), but the precipitation 
was carried out in an ammoniacal medium. This medium was acidified with 
nitric acid following filtration, immediately ‘rior to titration. 200% + 1% 
of the initial M.B. was always found. 

The following formulas could represent the compositions of the precipitates: 


MB Ag MB, Ags MB Ag: 
I II Il 


(MB; Ags) + (MB + NO~s 
Ila Il 


where MB stands for 
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Structure I would correspond to the precipitate formed in an acid medium 
with distilled water alone, while structure II would correspond to that formed 
in an acid medium with 48% at least of alcohol. Structure III would corre- 
spond to the precipitate formed in the presence of at least 48% alcohol. In the 
absence of alcohol, a mixture of structures I and III or structures II and III 
would be formed in an ammoniacal medium. 

In order to have some idea of this composition, the percentage of M.B. 
found on precipitating the silver salt in an acid medium in alcohol-water mix- 
tures of variable composition, starting with a known amount of M.B., had been 
determined. These results are given in Table I. 


I 

Composition of the mixture 
Proportion of 
Water Alcohol M.B. obtained 
60% 40% 150% MBzAgs 
50 50 150 
40 60 146 
30 70 lll 
20 80 103 
10 90 101 

0 100 100% MBAg 


It would be very interesting to carry out further studies on the variable 
composition of these compounds. 

Since rubber compounds contain only relatively very small amounts of 
M.B., it was necessary to examine the possibility of determining M.B. in 
amounts as small as 10 mg. or less. 

Ten ml. of 96% alcohol containing 10 mg. of M.B. were placed in a 50 ml. 
graduated bottle to which were added 7 ml. of 6 N nitric acid, additional 7 ml. 
of 96% alcohol and then 10 ml. of a 0.0245 N silver nitrate solution, after which 
the bottle was filled with 48% alcohol. 

The mixture was passed through a filter paper, and the first 15 ml. of the 
filtrate discarded. The next 25 ml. of the filtrate were collected and trans- 
ferred to an Erlenmeyer flask. The excess silver nitrate was titrated with am- 
monium thiocyanate in the presence of iron alum as an indicator. 

We have found 100.6%, 100%, 101.8% and 101.9% of the initial M.B. 
The operating conditions employed were the only ones for which this result was 
obtained. 

It is possible that the chemical composition of the silver salts of M.B. is 
influenced not by the constitution of the water-alcohol mixture but by the rela- 
tive amounts of M.B. and water. 

We studied next the influence of other substances used for vulcanization on 
the M.B. determination. 

A solution of 50 mg. of M.B. in acetone containing 50 mg. of paraffin, 50 mg. 
of stearic acid, 150 mg. of sulfur and 250 mg. of zinc oxide, was boiled for 4 
hours. The acetone was then evaporated to dryness in a water bath, the 
residue taken up in 48% alcohol and the determination carried out as described 
above. 

We determined M.B. quantitatively with an error of about 2%. 


DETERMINATION OF M.B. IN RUBBER COMPOUNDS 


Since M.B. has a chemical] structure similar to that of the accelerator 2-mer- 
captobenzothiazole, a compound also capable of forming a silver salt which is 


a 
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insoluble in water, it is necessary to perform the determination of M.B. in rub- 
ber compounds which do not contain other substances which can react with a 
silver nitrate solution. 
We have studied a rubber compound having the composition indicated in 
Table II. 
Il 


Compounp No. 3005/56 


Rubber 

Zine oxide 

Sulfur 
Diphenylguanidine 
M.B. 


110 


The calculated content of M.B. was 1.36%. 

Sheets 5 mm. thick were prepared from this compound and vulcanized in an 
oil bath at 142° C for periods of 5, 10, 15, 20, 25, 30 and 60 minutes. Twol g. 
samples were removed from these sheets and cut into very small bits and ex- 
tracted with acetone in a Soxhlet apparatus for 10 hours. The acetone had to 
be free of any chloride. 

The acetone extract was evaporated to near-dryness and then taken up by 
13.5 ce. of 96% alcohol and heated for 15 minutes in a water bath. On cooling, 
10 ml. of a 0.0243 N silver nitrate solution and 3.5 ml. of 6 N nitric acid were 
added. This mixture was transferred to a 50 cc. graduated bottle which was 
then filled with 48% aleohol. When the precipitate was collected in the form of 
small particles, it was filtered through paper and the first 15 cc. of the filtrate 
discarded. The next 25 cc. of filtrate were collected and transferred to an 
Erlenmeyer flask. Finally the excess silver nitrate was titrated with a 0.0243 
N ammonium thiocyanate solution. The results of this determination are pre- 
sented in Table ILI. 


Tasie III 
Cure time, min. M.B. content, % Mean content, % 
0 J 1.42 
5 . 1.37 
10 
15 ; 0.93 
20 0.81 
25 0.48 
30 . 0.50 
60 y 0.38 


An examination of the data of Table III leads to the conclusion that the 
M.B. content drops considerably in the course of vulcanization. This result is 
in conflict with those obtained for other antioxidants studied at the T.N.O. 
Institute for Rubber Research’. 

The consumption in the course of vulcanization is less than 0.05% for the 
following antioxidants: phenyl-l-naphthylamine, phenyl-2-naphthylamine, 
N,N’-diphenyl-p-phenylenediamine, N-phenyl-N’-cyclohexyl-p-phenylenedi- 
amine, N,N’-di-2-naphthyl-p-phenylenediamine. 


Parte by 
weight 
100 
5 
2.5 
1 
1.5 
|_| 
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We then examined the subsequent consumption of M.B. in the vulcanizates 
in the course of accelerated aging tests carried out in a Geer oven at 70° C and 
at 90° C, and in a Bierer-Davis oxygen bomb at a pressure of 20 atm. at 70° C 
for increasing periods of time. 

A rubber compound was studied having the composition indicated in Table 
IV. 


IV 
Compounn No. 3013/56 


Parts by 
weight 

Rubber 

Zine oxide 

Sulfur 

EPC black 

Diphenylguanidine 

M.B. 


Temperature of vulcanization 142° C 
Time of vulcanization 25 min. 
M.B. content was 0.74%, 0.75% 

after optimum vulcanization of 25 min. 


° 
$ 


° 
& 
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z 
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Fia. 1.—-The M.B. content in % plotted inst the time of aging in days 
for the first determination of M.B.— 4 
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Fie. 2.—The M.B. content in % plotted against ~w time of in da: 
for the second of M.B 
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° 


° 


TENEUR EN MB EN % 


1 2 3 4 
TEMPS DE VIEILLISSEMENT EN JOURS 


Fic, 3.—The M.B. content in % plotted against the time of aging in days 
for the third determination of M.B. 


Sheets 2 mm. thick were prepared from this compound and vulcanized at 
142° C for 25 minutes. Mechanical tests were performed on the test pieces, 
design 4 according to the Norm N1001, cut out from the sheets. The same 
tests were carried out after an accelerated aging. 

Following the determination of the mechanical properties, the same test 
pieces were used to carry out the M.B. analyses. 

Tables V, VI and VII, as well as Figures 1, 2 and 3, show the results of these 
tests. 


TABLE V 
Resuvts or Acinc in A Geer Oven at 70° C 


us, M.B. content, 
kg./em.* kg./em.* % 

Control 245 56 0.74 0.75 
After 7 24 hrs. 200 61 0.48 0.44 
Loss in % 
After 14 X 24 hrs. 143 54 0.42 0.40 
Loss in % i 
After 28 & 24 hrs. 88 54 } 0.29 0.25 
Loss in % 
After 42 24 hrs. 56 2 48 0.27 0.26 
Loss in % 


Taste VI 
Resuits or In A Geer Oven at 90° C 


400% 

Tensile Elongation modu- Shore A 
strength, at break, lus. hard- 
kg./em? % kg./em.? 

Control 245 725 56 40 

After 1 X 24 hrs. 203 690 58 43 

Loss in % 

After 5 * 24 hrs. 59 485 42 34 

Loss in % 

After 10 x 24 hrs. 23 305 34 

Loss in % 

After 15 & 24 hrs. 18 135 35 

Loss in % 
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| | 
| 
400% 
Tensile Elongation modu- Shore A 
M.B. content, 
% 
0.74 0.75 
0.50 0.51 
0.30 0.32 
0.34 0.31 
0.29 0.28 
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Tasie VII 
Resvuuts or A Brerer-Davis Bomp ar 70° C 


400% 
Tensile Elongation modu- Shore A 
strength, at break, lus, hard- M.B., content, 
kg./em.* % kg./em.* ness % 


Control 245 725 56 40 0.74 0.75 
After 1 X 24 hrs. 164 665 60 40 0.26 0.24 
Loss in % 

After 2 X 24 hrs. 149 44 0.26 0.28 
Loss in % < 

After 3 X 24 hrs. 8S 40 0.20 0.20 
Loss in % 

After 5 X 24 hrs. 30 : 40 0.21 0.19 
Loss in % 


DISCUSSION 


Inasmuch as the M.B. content dropped not only in the course of aging but 
also during vulcanization, it may be of interest to inquire whether this material 
is actually an antioxygen or a deactivator. Its progressive disappearance and 
the similarity of its structure‘ to that of 2-mercaptobenzothiazole rather prompt 
us to consider it as an accelerator; a confirmation of this view may be seen in 
the fact that the addition of M.B. to a rubber compound which is accelerated 
with diphenylguanidine produced a significant decrease in curing time. This is 
shown by the results obtained with the two compounds indicated in Table VIII. 


Tasie VIII 
Compound Compound 


No. 3274/56 No. 3275/56 


Parts by Parts by 
weight weight 


Rubber 100 
Zine oxide 5 
Sulfur 2.5 
Diphenylguanidine 1 
M.B. 1.5 


3 units: 3 min. 3 sec. 3 units: 4 min. 50 sec. 
Curing time 20 units: 4 min. 25 sec. 20 units: 6 min. 46 sec. 


Curing times were determined with the Mooney viscometer at 142° C, noting 
the time required for the Mooney values to reach 3 units and 20 units above the 
minimum, 

The protective properties of M.B. could perhaps be explained on the assump- 
tion that in the course of the aging tests M.B. makes up as an accelerator what 
it loses in structure through oxidation®. It would no longer be, therefore, a 
question of a deactivation of the absorbed oxygen, and it seems, from the re- 
sults just described, that it would be well to reconsider the theory of the de- 
activator effect’. 

SYNOPSIS 


A method based on an argentometric titration is described for the deter- 
mination of the consumption of 2-mercaptobenzimidazole (M.B.) in the course 
of vulcanization and also aging. The M.B. content was seen to diminish dur- 
ing vulcanization which makes it doubtful that M.B. plays the role of an anti- 
oxygen or a deactivator 


fi 


100 

5 7 

2.5 


RUBBER CHEMISTRY AND TECHNOLOGY 


ACKNOWLEDGMENTS 


The author wishes particularly to thank the management of the T.N.O. 
Institute for Rubber Research for permission to publish this work, and Miss 
8. H. Riddersma for valuable assistance in carrying out the analyses. 


REFERENCES 


' Giger and Le Bras, Kautechuk u. Gummi 8, WT 203 (1955). 

* Zijp, Rec. trav. chim. 75, 1060 (1956). 

*Zijp, Kautechuk u, Gummi 10, WT 14 (1957). 

* Le Foll, Kev. gén. cacutchoue 30, 559 (1953), had already called attention to this similarity. 

* Shelton and Cox, Ind. Eng. Chem. 43, 456 (1951), bad examined the initial structure of the vulcanizates, 
whereas Le Bras and Giger, Kautechuk u. Gummi 8, WT 206 (1955), showed that what happens pre- 
sumably, during aging, is the formation by the deactivator of new crosslinks to offset the scissions 
caused by oxygen 

* Before this article was printed, we came across a note by Le Bras and Danjard, Compt. rend. 244, 459 
(1957), providing experimental proof that the mechanism of the deactivator effect really involves 
crosslinking. See also this issue, p. 1166. 


1182 


A SPECTROPHOTOMETRIC METHOD FOR 
RESIDUAL STYRENE IN SBR LATEX * 


C, L. Hitron 


Unrrep States Russer Company Researcu Center, Wayne, New Jensry 


A rapid and reliable method for the determination of residual styrene mono- 
mer in SBR latex has been desirable for some time for which specification limits 
have been set as low as 0.10 per cent and as high as 1.50 per cent depending 
upon the type of latex. 

The usual method! for the determination of styrene monomer in SBR latex 
by distillation and titration, in addition to being long and tedious, is not specific 
for styrene. In fact, any volatile unsaturated material will interfere. The 
only available methods which are specific for styrene monomer are those based 
upon the absorption of ultraviolet energy. Early methods** were based upon 
the relatively weak absorption at wavelengths of 282 and 291 millimicrons. 
Newell‘ utilized the much stronger absorption in the wavelength region of 250 
to 260 millimicrons in chloroform. All of these methods were for the determi- 
nation of free styrene in polystyrene. The determination in SBR latex presented 
a different problem since latex does not dissolve in any of the usual solvents. 

The present paper describes a spectrophotometric method of determining 
residual styrene monomer in SBR latex by absorption in the region from 240 to 
250 millimicrons. In this as in previous methods*** multiple wavelength 
readings are held to reveal the absence or presence of interfering substances. 

For those latexes where the amount of gel is low enough to permit direct 
spectrophotometric determination in a vistex solvent such as isooctane, the 
sample is simply shaken with the solvent in a volumetric flask for one-half hour 
and then brought to the mark. The absorbance of the solution is measured at 
four wavelengths (300, 250, 245 and 240 millimicrons) using a suitable spectro- 
photometer. The reading at 300 millimicrons is subtracted from each of the 
other readings before calculation because styrene monomer does not absorb at 
this wavelength. In this way, certain types of interference are eliminated. 

If the presence of excessive amount of gel or other interference makes the 
direct method inapplicable, the alternate method must be used. This involves 
distillation of the monomer and spectrophotometric analysis of the distillate. 


EXPERIMENTAL 


A pparatus.—The absorbance measurements were made with a Cary Record- 
ing Spectrophotometer using 1.000 cm. quartz cells. 

Purification of styrene.—Technical grade styrene was distilled at 50° C under 
20mm. vacuum. This material was used forall standardization runs. The ab- 
sorption spectrum for purified styrene monomer in isooctane is given in Figure 1. 


e * An original contribution. This is No. 166 from the Research Center of The United States Rubber 
Jompany. 
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OPTICAL DENSITY 


i i | 


230 250 270 290 310 
WAVELENGTH IN MILLIMICRONS 


Fic. 1.--Ultraviolet absorption spectrum of styrene monomer. 


Procedure I.—An accurately weighed sample of latex (0.500 g.) is placed in 
a 250 ml. volumetric flask and shaken gently for a period of one-half hour with 
approximately 150 ml. of isooctane. The solution is then brought to the mark 
and the absorbance (optical density) is determined at four wavelengths, 300, 
250, 245 and 240 millimicrons. The per cent styrene monomer is determined 
by means of Equations (1), (2), and (3). 

Procedure I1.—If gel or other interferences make the above procedure inap- 
plicable, the following technique is used: An accurately weighed sample of latex 
(0. 500g.) is placed in a 250 ml. iodine flask. Fifty ml. of distilled water and 50 
ml. of methanol containing 100 ppm of p-tert-buty] catechol are added (in that 
order). Connect the iodine flask to a distillation apparatus with ground glass 
joints and distill 50 ml. of the mixture into a 250 ml. volumetric flask containing 
50 ml. of ordinary methyl alcohol. Note: Be certain to keep the delivery tube 
below the level of the liquid at all times so that no monomer is lost. Rinse the 
condenser with 50 ml. of ordinary methyl alcohol and bring the solution to the 
mark in the volumetric flask. Determine the absorbency at four wavelengths, 
300, 250, 245 and 240 millimicrons and calculate the per cent styrene by means 
of Equations (4), (5), and (6). 


DEVELOPMENT OF EQUATIONS 


The total weight in grams, W, of styrene monomer present in a sample is 
given by: 
W = AC 


where A is the absorbance (optical density) of the solution at the wavelength 
concerned and C is the weight in grams of styrene monomer per 250 ml. of solu- 
tion to yield an absorbance of 1.000 at that wavlength. 

The per cent free styrene is given by: 


wt. of sample in grams/250 ml. 


% styrene = - ae, 
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100 AC 
wt. of sample in grams/250 ml. 


% styrene = 


The values of C are as follows: 


Isooctane Methanol 


240-300 .00187 g./250 ml. 00193 g./250 ml. 
245-300 .00178 g./250 ml. 00180 g./250 ml. 
250-300 .00183 g./250 ml. 00186 g./250 ml. 


These values for C were obtained directly from the ultraviolet absorption 
spectrum of purified styrene monomer in the solvent concerned. It has been 
assumed that no interfering materials will be present in the ordinary latex sam- 
ple. Of the more than five hundred samples thus far analyzed, less than | per 
cent had to be analyze dby the alternate procedure. This indicates that our 
original assumption was correct. 

The equations then become: 


Regular Procedure 


0.187 (A 00) 


= 
7 styrene wt. of sample i in grams/250 ml. 


Equation (1) 


0. 178 | A yoo) 


= 
styrene = sample in grams/250 ml. 


Equation (2) 


0.183 (A s00) 


© y > 
% sty rene wt. ‘of ‘sample i in grams/250 ml. 


Equation (3) 


Alternate Equations are: 


0.193 (A 2407 A 


Equation (4 
wt. of sample i in grams/250 ml. quation (4) 


% styrene 


0.180 (A 245” ~A 300) 
ne Equat 5 
7% styrene wt. of sample in ‘grams/250 ‘mi. uation (6) 


0. 186 (A A 300) 
wt. of sample in grams/250 ml. (0) 


Notes: 1. Assuming an absorbance reading of 1.400 as the maximum desir- 
able, the solution must be diluted if the styrene content is greater than 0.50 per 
cent. The amount of dilution can be estimated from the fact that the absorp- 
tion at the maximum is approximately 25 times that at 291 millimicrons. 

2. The value for C should be determined for each instrument to be used. 
The values listed above are for a Cary Recording Spectrophotometer using 
1.000 cm. cells with the slit control set at ‘0’’ and the gain at position “3’’. 


or 
ay 
a 
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Under these conditions the slit widths were as follows: 


Slit width (mm.) 


Wavelength Isooctane Methanol 
240 0.295 0.270 
245 0.255 0.232 
250 0.225 0.202 
300 0.118 0.104 


Tase I 
Amount found 
——$ 
Amount added, % y 24! f Average 


0.056 
OAL) 
0.166 
0.227 
0.273 
0.332 
0.396 


Tasie Il 


Amount found 


Amount added, 240 


0.056 057 

0.111 113 

0.166 167 

0.227 

0.332 330 be 330 
0.396 303 ~ 39: 393 


III 


Column A 
Sample titration 


I 550 
570 
550 
540 


Column B 
ULV. 


550+ O15 


700 


.700 + 0.000 


1.26 
1.21 


0.084 + 0.000 


552+ .009 


.700 
710 


705 + .005 


1.34 
1.33 


134 + .005 


0.083 
0.080 


0.082 + 0.015 


Error 
.057 .056 .057 O01 
AMS 116 113 115 .004 
.167 166 .163 .165 001 
.227 227 .219 224 003 
.268 .270 .269 .004 
327 326 323 325 007 
391 396 393 003 
245 250 Average Error 
.000 
.002 
O01 
002 
.002 
Ave. 
Ave. 
Ave. 124 + .025 as 
IV 0.084 
0.084 
Ave. 
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RESULTS 


Table I shows the results obtained when known amounts of purified styrene 
monomer were added to SBR latex containing no monomer. Here the latex 
sample was thoroughly mixed with a known per cent of styrene before applying 
the Procedure I. The results indicate an absolute error of less than 0.007 per 
cent and an average relative error of less than 2 per cent. 

Table II shows the results obtained when Procedure II was used on these 
same samples. 

Table III shows the results for latexes with high gel content analyzed by the 
distillation procedure. Column A shows the results by titration and column B 
shows the results by ultraviolet absorption. 


SUMMARY 


The spectrophotometric method of analysis for residual styrene monomer in 
SBR latex has several advantages. No standardization of reagents is required. 
The method is rapid, accurate, and precise. The direct ultraviolet absorption 
method is applicable only in absence of interferences. The alternate distilla- 
tion-ultraviolet method is applicable even in the presence of most interferences. 
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SOME FACTORS WHICH DETERMINE THE FLIGHT OF 
AEROLOGICAL SOUNDING BALLOONS * 


A. ANGIOLETTI AND J. FELICE 


Resrancn ann Devecorment Division, SocterA P.A., 


INTRODUCTION 


The factors which determine the flight of an expansible balloon at high 
altitudes are dependent both on the elastic properties of the material of which 
it is constructed and on the changes it must undergo due to variations in en- 
vironmental conditions. 

The present note is an attempt to survey the phenomena regulating the 
flight of the balloon, with consideration being given to certain factors involved 
therein, such as temperature, atmospheric pressure, solar radiation (only in 
daytime flights) and ozone. 

Other factors, such as speed of ascent, the form assumed by the balloon 
during flight, its own net weight, the weight it carries and the wind velocity, 
participate only indirectly and are difficult to evaluate. Numerous articles on 
the flight of sounding balloons have been written. Clarke and Korff' estab- 
lished some relations between free lift, the weight applied to the balloon, the 
maximum attainable altitude and rate of climb, with the diameter of the balloon 
at bursting point being regarded as an assumed value. More recently Martin, 
Mandel and Stiehler* formulated an equation of general character, encompassing 
the highest attainable altitude of the balloon, its weight and dimensions at time 
of launching, the free lift, properties of the gas used for inflation, elongation at 
break and the state of tension in the material at bursting. These express the 
results of numerous laboratory tests with inflated membranes at diverse tem- 
peratures, and they establish parallels between those tests and others conducted 
directly, with the balloons themselves. In addition, interesting practical data 
is furnished on the flight of balloons made either of natural rubber or of neo- 
prene. 

Barford, Davis and others* also evolved an equation for balloon flight based 
on slightly different premises and they, too, describe a series of laboratory ex- 
periments, 

In the present work some theoretical principles relating to high deformation 
elasticity have been assembled from a study by Treloar‘*. On the basis of these 
principles some simple relations are developed and several hypotheses are pre- 
sented from the equations which describe the ascent of highly extensible balloons 
as a function of their properties and the environmental conditions encountered 
during flight. 

These equations, based on purely theoretical assumptions and differing 
from those of the above-named authors, led to results which proved to be in 
good agreement with those obtained in practice. 


* Translated by G. Leuca for Russen Cuemisray anp Tecuno.oor, from Pirelli, Ricerca ¢ Suiluppo, 
No. 7, pages 1-11, November 1956. 
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THEORY OF THE FLIGHT OF SOUNDING BALLOONS 


In this work the following symbols will be used, with the indicated meanings. 


h, Variable altitude at which the balloon is found. 
h, Altitude reached by the balloon at bursting point. 
R, Radius of the balloon defined by its molding (uninflated radius). 
Ry Initial inflated radius of the balloon at moment of launching. 
R, Radius of the balloon at height A,. 
S, Thickness of the uninflated balloon. 
S, Thickness of the balloon at altitude h,. 
P.x Atmospheric pressure at altitude h,, or external pressure exerted on the 
balloon. 
P.. Atmospheric pressure at altitude zero (~1 kg./cm.*). 
Px, Absolute pressure in the balloon at altitude A,. 
P;, Absolute inflation pressure in the balloon at the moment of launching 
(at zero altitude; h, = 0). 
AP, = Piz = Pe 
AP» = Pio — Poo Measurable pressure at the inflation valve of the balloon 
at launching. 
6, Temperature of inflating gas at launching, assumed to be equal to ambi- 
ent temperature at zero altitude (~ 15° C). 
6, Temperature of inflating gas of the balloon at height A,. 
Yeo Specific gravity of the air at zero altitude and ambient temperature @,. 
Yex Specific gravity of the air at height h, and at temperature 6,. 
yuo Specific gravity of the hydrogen in the balloon at zero height and at 
ambient temperature 0, (~15° C) 
yux Specific gravity of the hydrogen in the balloon at altitude h, and at 
temperature 
G Shear elasticity modulus of the rubber. 
a Cubic coefficient of expansion of the gases. 


= © 
(~ 375°C") 


é, Strain (relative) for two-dimensional extension of the balloon. 

¢, Strain at rupture for two-dimensional extension. 

o, Unit tensile stress for two-dimensional extension in the balloon, corre- 
sponding to ¢€,. 


_ Altitude attained by the balloon at bursting point.—It is assumed that the 
balloon, which is spherical, and a hemisphere of which is represented in Figure 1, 
is inflated at launching at pressure P;, in such a way that its radius goes from 
value R, to value R,. The deformations of the balloon have reference to Ry. 
At height A, the equilibrium ratio between the external pressure P,,, the internal 
pressure P;,, and the tensile stress a,, is given by: 


Piz Pa) = 20,5, 
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whence 
Ra (Pix — Pex) 


28, i 


= 


When the balloon increases in volume there is a change in the thickness of its 
envelope; keeping in mind the invariability in volume of the stressed rubber, 
one can write 
S; 
S, = 2 
+e) 

In ascending from height zero to altitude h, there is a variation in volume, 
pressure and temperature of the gas used to inflate the balloon; since the volume 
of the sphere is proportional to the cube of its radius, and remembering the 


laws of Boyle and Gay-Lussac, we have: 


R, \* 
Pix = (2) [1 + — 6.) ] 


and since 


R, = + €z) 


the preceding becomes: 


Piz = Pi ( 


| +alO, — 6) 


In nocturnal flights, in which solar radiation is lacking, 6, can be regarded as 
equal to the ambient temperature at altitude A,; in daytime flights, however, 
6, depends on various factors, also inherent in the type of envelope; in some 
measurements values of around 20° C above ambient temperature’? were_ob- 
tained. 


(3) 
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In the case of two-dimensional extension, according to Treloar*, we have: 


(+e) (+ e)* 


Oz + €,)? — 


Equating (1) with (5) there is obtained 
(1 + _ R(Pix — Pex) 
(l+e)¢ 28, 


and keeping in mind (2) and (3) we have, from the preceding: 


R,(1 + 


Px Pex = 


(6) 


We then wished to show, with a numerical example, that the initial pressure 
P;. of the aerosonde balloons differs slightly from the atmospheric pressure. 
Applying Equation (6) in the case of balloons made of natural rubber latex, for 
which R,; = 60 em., S,; = 0.015 em., R, = 90 em., and therefore « = 0.5, 
G = 4 kg./cm.*, one will obtain: 


2 x 0.015 x 4 1.5% — 


Fin = 60 1.57 


= 1,21-107-% kg./em.? 


12.1 mm. of water 


It is possible, furthermore, to verify in Equation (6) that even for elonga- 
tions ¢, in excess of 200 per cent, and up to the bursting point, occurring there- 
fore during the flight of the balloon, the term 


28,GL(1 + — 1) 


+ 


which is equal to Pix — Pex, is rather small with respect to 
Ro +a(O, — 9.) 


except when the value of G increases, in a relative manner (about 20 to 30 
times) as the temperature is lowered, with respect to its initial value at normal 
temperature. In practice this does occur as can be seen from the experimen- 
tally derived diagram (Figure 2), where the values of G for these balloons are 
given as a function of the temperature. 

The result is, therefore, that in the case of sounding balloons having the 
dimensions cited above, or larger, the course of the ascent is regulated by these 
laws: 


Pes Piz = ( 


R, ) 1 +a@, — %) 7) 


(+e) 


° 
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The value of P;, can be determined experimentally at launching. Never- 
theless, since AP, = P;, — P.. is rather small, as was seen from the preceding 
numerical example, P;, can be regarded as equal to the atmospheric pressure 
(~ 1 kg./em.?). 


modulo di elasticla rasversale 


temperatura 
~40 0 +20 c 


Fie. 2.—Shear modulus of elasticity as a function of the temperature. 


Expressing the external pressure P., in kg./cm.*, the dilation coefficient 
ain ° C™, R, and R; in the same units and remembering besides that at 11,000 
meters of height 6, = const. = — 40° C for daytime flights and 6, = — 60° C 
for nocturnal flights, Equation (7) becomes 


Pa * (=) [kg./em.*] for day flights (8) 


3 a= 
( [kg./cm.*] for night flights 


R, €,)* 

Thus, knowing the values of ¢, at a temperature of —40° C (for day time 
flights) and —60° C (for the nocturnal ones), it is possible to derive from 
Equation (8) the bursting altitude of the balloon, given that P. is a function of 
altitude A, (in km.) according to the law A, = 1.6 — 14.6 logio Pex, which is 
valid for h, 2 11 km.? (Figure 3). 

The values of ¢, for two-dimensional extension were determined experimen- 
tally and become equal to 5.6 and 4.6, respectively, at temperatures of —40° C 
and —60° C. 

Moreover, the values for the bursting height can be obtained (Figure 4) as 
a function of the ratio R,/R,. 

This diagram holds true not only for the already indicated values of R, 
applying to sounding balloons but also for values greater than R,, that is, 
within the range of validity of Formula (7), which is approximated. 

It can be determined that keeping the ratio R./R, low tends to increase the 
theoretically attainable altitude. One must remember that with R, constant 


20 at 
‘ 
10 \ 
feb 
0 
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the lower limit of the above ratio is established from the minimum lift force 
desired. If, however, one wishes to keep the ratio low for the same lift, it will 
obviously be necessary to increase Ry. 

From Equations (8) it is also possible to derive the diameter of the balloon 
(proportional to ¢,) from 11,000 meters on up, i.e., from the altitude beyond 


which the temperature is considered constant. 
\ i diurni 
voli nofturni 


| SS 


pressione esterna al palione pes paiione al 


Fic. 3.—Altitude « the balloon, hz, as a function of the external pressure on the balloon, Pa 
Fie, 4.—Bursting height of the balloon, hs, as a function of : 


km km 


quota dei palione h, 


Quota di scoppiodel palione h, 


Re as radius of the balloon at launching 


Ry radius of the uninflated balloon 
Voli diurni-—daytime flights 
Voli notturini—night flights 


The indicated bursting altitudes of the balloon (Figure 4) still represent only 
“limited"’ theoretical values. An imperfect symmetry in the shape of the 
balloon and the deterioration of the material due to light (in daytime flights) 
and ozone, can lower the bursting altitudes. But the deterioration phenomena 
to be discussed below require a certain amount of time to occur; for which rea- 
son it is presumed that the more rapid the rise of the balloon, the less destructive 
will be their action. 

As has been said, Equations (8) are applicable when the modulus G of the 
materials does not increase, with lowering of the temperature and with increase 
in deformation, more than 20 to 30 times its value at ambient temperature. 
This can be verified, particularly for balloons made of neoprene. In such a 
case the valid formula is: 


+a, , 28/GL(1 + «)* 1) 7" 


R, (1 + + @)? 


In this instance, too, the temperature is a constant factor above 11,000 
meters, and Equation (7’) becomes: 


— 28/G[(1 + — 1) 


R,/ (+e) Ry, + for day flights 


Pa = Pi ( 
(8’) 


= for night flights, 


Pex Po 1— 75a , 28,G((1 + — 1) 


(1 + R,(1 + €,)’ 
where P,, is again practically equal to 1 kg./cm.’. 


| 
10 | 
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It can happen that beyond the above cited altitude the value of G increases 
greatly, whereby ¢, shows very little change. The balloon will continue to rise 
with diminishing lift until equilibrium of the balloon itself is reached. This 
occurs, however, with a notable rise in AP,, to which the directly proportional 
values of o, correspond. Hence it is probable that the balloon will burst before 
reaching the equilibrium altitude. This phenomenon is regulated by variations 
in temperature and by changes in the physical state of the envelope. 

Calculation of total lift force.—The total lift S, to which the balloon is sub- 
jected at the variable height h, is: 


4 
S, = 3 (9) 


Equation (9) can be simplified. In fact the weight Py of the hydrogen con- 
tained in the balloon is: 


4 4 
Py = yux = 3 (10) 


Substituting in (9) the value of R,’ derived from (10), we have: 


4 
S, = Yax 
3 yux 


Remembering that Px. ~ Pj, and noting that the variation in specific gravity of 
the hydrogen is negligible due to the jump in temperature between the interior 
and exterior of the balloon, one can then write: 


Yex _ 
Yao yuo 
for which 
4 
or even 


S, = 5.12 R,' 


where S, is expressed in kg. and R, in meters. 

The value S, is thus independent of h,, being a function only of the original 
radius of the inflated balloon. 

From this fact it is deduced that in launching diverse balloons having the 
same initial radius R, to the same height h,, no matter what the ratio R,/R, 
might be, the same value for R, will apply for all the balloons being considered. 

Moreover, if the lift of the balloon is constant, the result will be that it will 
continue to rise up to the time that elongation at rupture of the envelope is 
reached. If it is necessary to bring the balloon into equilibrium at a certain 
height, a valve device is required which intervenes at that given height to cause 
a reduction in the quantity of gas contained in the balloon or, in other words, 
a reduction in the lift. 


EXPERIMENTAL VERIFICATIONS 


Relations between the differential pressure and the elongation.—Let us consider 
the case of a balloon inflated on the ground (h, = 0). In Equation (6) AP, 
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= Pi, — P.x represents the pressure measurable with a manometer at the 
inflation valve of the balloon on the ground. 

It will be observed, in this case, that index z or Equation (6) has no rele- 
vance to the height h,; this being merely an indication of a variable state of 
deformation of the balloon. 

An experimental verification of Equation (6) was undertaken, by inflating 
a balloon having a radius of 2.5 cm. in the deflated state and a wall thickness of 
0.028 cm. The diagram presented (Figure 5) gives the course of the theoretical 


etormazwwne unitarie dei palione 


sovrepressione interna de! 


° $0 100 150 200 250 mm dacque 


Fie. 5.—Unit deformation of the balloon, « as a function of the excess 
internal pressure, Ap, of the bailoon. 


pressure-deformation curve and the relative experimental points which show 
that Equation (6) and therefore Equation (5) are sufficiently verified. Other 
tests were conducted, with good confirmation, on balloons of larger dimensions. 

The graph points up the fact that the internal pressure increases with the 
elongation ¢, up to a certain value, beyond which the internal pressure de- 
creases, though it continues to enlarge ¢,, or the diameter of the balloon, It 
should be remarked, however, that each point on the graph represents a state 
of equilibrium between the internal pressure, external pressure and tension o, 
of the balloon, in which each increase in the diameter could not occur spontane- 
ously, but only by introducing more gas. 

Elongation at rupture in right angle tension.— Measurement of elongation at 
rupture for two-dimensional extension at low temperatures were effected in a 
thermally insulated box with glass at the front, making it possible to view the 
interior of the cabinet. 

The test piece comprised a circular membrane, 0.15 mm. thick, obtained 
from a sounding balloon. This was suitably attached to a hollow cylinder of 
rubber through which air could pass under pressure at a determined tempera- 
ture. 

The measurements were taken in such a way that the temperatures in the 
two parts of the membrane were identical. 

Two types of tests were made: 

a. The membrane, brought to the desired temperature, was inflated with 
compressed air, and its elongation at break with two-dimensional extension 


: 
= 
3 
2 \ 
15 
\ 
6 
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determined. The curve for elongations at break for two-dimensional extension 
as a function of the temperature (Figure 6) shows that an elongation equal to 
280 per cent will be reached at a temperature of —60° C, while at a temperature 
of —40° C it amounts to 420 per cent. 


12 


de formazione unitara a rotura della membranal, 


temperature 
~60 -60 -40 -20 0 +2 


Fia, 6.—Unit deformation at rupture of the membrane, e, as a function of the temperature. 


b. The membrane was inflated starting with the ambient temperature, and 
then varying simultaneously both the temperature and the state of deformation 
in 4 manner analogous to what would occur in a balloon rising at a rate of ap- 
proximately 4 meters/sec.' The tests were conducted under the assumption 
that the temperature of the envelope is equal to that of the external ambient 
temperature. Under such conditions the elongation at rupture of the same 
membrane at —60° C was 460 per cent, and at —40° C, 560 per cent. It is 
evident that these two values differ considerably from those previously obtained 
with test (a). These values are much more applicable if test (b) takes place 
under conditions very like those obtained under real conditions. 


EFFECTS OF OZONE AND SOLAR RADIATION ON LATEX RUBBER 


Test in ozone.—In the diagram (Figure 7) are shown the times necessary to 
induce bursting of a membrane stretched at 400 per cent as a function of the 
ozone concentration at ambient temperature. 

The ozone at the desired concentration was directed against the membrane 
stretched across a glass cylinder about 2 m. away from the membrane. 

The same test was repeated at —20° C and the rupture times were obtained 
(not shown in Figure 7) that were at least 10 times as favorable as in the preced- 
ing test. 

The conclusion was that the action of ozone at lower temperatures ought 
to be even less. This was confirmed experimentally by introducing ozone, at 
the rather high concentration of 1.1 parts to 10° of air, through the inlet valve 
at —40° C and at ambient pressure. The test was halted after 8 hours without 
any discernible break in the membrane. 


| 
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The ozone, therefore, considering the time that the balloons remain at high 
altitudes, must represent a factor of no great importance. 

Tests with infrared and ultraviolet rays.—Solar radiation, present only in 
day time flight, alters the temperature of the envelope in a manner dependent on 
the latter's absorbent properties, influencing thus the physical constants of the 
vulcanizate. Ultraviolet light can bring on special deterioration phenomena 
with relevant effects even in a relatively short time. 


25 


concenirazione volumetrice di ozone 
riferitea i milioradi parti d'arie 
i 


0.1 02 0.3 0.4 0.5 0.6 


tempi <i scoppio dela membrana 


Fic, 7.—Bursting times of the membrane as a function of the volumetric 
ozone concentration, parts per million parts of air. 


On the basis of measurements taken at high altitudes’, sounding balloons 
will be subjected, not only to visible radiation, but to infrared and ultraviolet : 
radiations, the intensities of which are, respectively, of the order of 0.06 W/cm.? a 
and 0.02 W/cm’. 
The inclusion of these phenomena would require too detailed an analysis, Z 
considering the variability of the factors involved, and the conclusions relating _ 
thereto would therefore be too uncertain. = 
Some experimental tests of a qualitative character were made at ambient 4 
temperature on membranes stretched to 300 per cent and subjected to infrared 
or ultraviolet irradiation from lamps. Radiation intensities were used which 
were much higher than those indicated above; however, neither particularly 
rapid degradations were encountered, at least not within the span of several = 
hours, nor were there ruptures of the membrane. . 
In the exposure to infrared rays, the stretched membrane was subjected to 
temperatures close to the ambient temperatures, because its coefficient of ab- 
sorption is low due to its color, thinness and transparency. 


CONCLUSIONS 


Examination of Equations (8), which connect the external pressure and thus 
the altitude to the dilation of the balloon, shows that the most important factor 
with regard to the “limited’’ bursting height is the elongation at break of the 


| 
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envelope at temperatures of the order of —40° C and —60° C. The elasticity 
modulus of the material and the thickness of the envelope are therefore of little 
importance with respect to the bursting height. It must be remembered, how- 
ever, that the thickness has an indirect influence because it increases the weight 
of the balloon proportionally, and possible irregularities in the envelope will be 
all the more harmful as the thickness decreases. 

As for the lift force, this remains practically constant during the ascent of 
the balloon. 

On the basis of experimental determinations, the elevated concentrations of 
ozone will not have a particularly harmful influence on the rubber envelope, 
even if it is of natural rubber, due to temperatures at high altitudes of less than 
—40° C, the high state of tension of the rubber, and the brief duration of the 
flight. 
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News about 


B.EGoodrich Chemical raw materiais 


‘blister resistant 
Hycar 


‘new compounds 
meet industrial 
specs 


Blister resistant Hycar for high pressure gas 
service. A new, extremely strong and blister 
resistant Hycar compound —1001/SAF— 
has been developed specifically for making 
sleeves and diaphragms used in high pres- 
sure regulators for the oil and gas industry. 
Ordinary rubbers proved unsatisfactory be- 
cause they did not have high oil resistance 
combined with physical strength to reduce 
oil and gas penetration; and the ability to 
withstand internal pressures from entrapped 
gases after flow presmevee up to 3000 psi 
were removed. This pressure removal often 


caused severe swelling or ae ey rupture 


of parts made from ordinary rubber. Follow- 
ing tests on various Hycar compounds, these 
conclusions were reached: 


acrylonitrile Hycar polymers perform 
st. 


(2) Leading with fine particle size blacks give 
highest blister resistance. SAF black pro- 
vides the best results. 

(3) Plasticizers increase blistering. Extractable 
types are especially bad. Small amounts 
of non-extractable plasticizer can be used 
as a processing aid. 

(4) The curing system is not important as long 
as a tight cure is obtained. 


FEF BLACK 
Extremely 
gmail blisters 
Solid core 


Hycar 1001 


Cross sections of several polymers were made after 
one week's exposure to 100 psi carbon dioxide and 
600 psi ethylene. These sections clearly show the 
rior blister resistance of bigh acrylonitrile 
year 1001 and the better performance achieved 
SAF Black Loading. Base recipe for this 
test: Hycar polymers 100.0; Zinc oxide 3.0; Black 
loading 40.0; TMTD 3.5; Stearic Acid 1.0. 


One of the new applications of Hycar American 
Rubber is this honeycomb which is multiple extruded 
and used as a spring core for freight car journal box 
lubricators. A unique rubber product, it bas excep- 
tional radial spring, axial stiffness and stability of 
shape and di It withstands temperature 
extremes, oil immersion and abrasion. 


NEW HYCAR COMPOUNDS FOR 
INDUSTRIAL SPECIFICATIONS 


Bendix - Westinghouse 1036-M .. . requir- 
ing very low volume change after immersion 
in ASTM No. 1 and No. 3 oils and satisfac- 
tory performance at —40°F. Primary uses: 
valves and valve seats. Hycar 1042 compound. 


Spec MIL-G-1086A .. . requiring re- 
sistance to aviation gasoline, water and 
asphalt. For gaskets on bolted steel storage 
tanks. Hycar 1042 compounds. 


Allison Proposed Spec 22619 .. . requiring a 
90+5 Durometer A compound with excel- 
lent oil resistance at high temperatures. Two 
Hycar 1042 comoeuats meet the spec. 


Automotive Spec No. 69... requiring a 7045 
Durometer A compound, good oil resist- 
ance and ability to withstand temperature 
extremes. Applications: lip-type seals and 
other automotive seals. A Hycar 1042 com- 
pound has narrow volume change limits 
after aging in ASTM No. 1 oil at 300°F; and 
15°F low temperature brittleness. 


For further information on Hycar nitrile 
rubber, write Dept. HP-4, B.F.Goodrich 
Chemical Company, 3135 Euclid Avenue, 
Cleveland 15, Ohio. Cable address: Good- 
chemco. In Canada: Kitchener, Ontario. 


Hycar 
Rasher 
B.F.Goodrich Chemical Company 
@ division of The B.F.Goodrich Company 


| 
SAF BLACK 
Gas penetration 
No blisters 
| 
Completely 
1 ~ penetrated 
Few small 
Hycar 1042 busters 


“CAMELBACK ?” 


In the West— make it with 
SHELL SYNTHETIC RUBBER 


For both quality and economy in making 
tread rubber, there is no better beginning 
than Shell S-1500 cold rubber, S-1600 
black masterbatch or S-1712 oil master- 
batch. These versatile synthetic rubbers 
are ideal for many other important prod- 
ucts, too, such as hose, belting, wire and 
cable insulation. 

The Shell Chemical plant at Torrance, 
California, produces 22 different 
butadiene-styrene synthetic rubbers — 
hot, cold, oil-extended and black master- 


batch rubber, as well as hot and cold 
latices. Our Technical Service Labora- 
tory is always ready to work with you in 
determining which of these will best serve 
your purposes. 

Whenever you need synthetic rubber 
for camelback or for a host of other uses, 
think of us in Torrance. 

Phone or write for a catalog and infor- 
mation on specific products. 

Our phone number in Los Angeles is 
FAculty 1-2340, 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division 
P.O. Box 216, Torrance, California 
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Goodrich-Gulf Chemicals, Inc, 


Selectio 


Choose cold polymer man-made rubber for superior 
flexing, wear, abrasion resistance 


Write for free copy 

of 24-page booklet Amer- 
ipol—the preferred rub- 
ber”. Complete technical 
data helps you select and 
specify. 


| 
coud POLYMERS 
Types physical properties” Guide * 
Tensile. 4170 psi- Genera! purpose rubber 
1500 Elongation 680% where color is 
Modulus @ 300% For tires: molded and 
Elongatio® 1060 psi- truded products. 
Mooney Viscosity 
minutes 
Raw Polymet $2 
Compounded } 
Tensile» 3900 psi- An improved: lightet col- : 
1502 Elongation 690% ored rubber, relatively non 
Modulus @ 300% discolorins and pon-stail- 
Elongation 949 psi- white and pastel 
Mooney Viscosity colored mechanical goods. 
ML212°F- @4 tile toys, sheeting, eu. 
minutes 
Raw Polymet st 
stock. * 65 
“Typical average production valves. cure 50’ ot 292°*. 
(i Won 
hemicals, — 
, inc 
3121 Eucli 
uclid Av 
enue Cleveland 
15, Ohio 


RUBBER CHEM. & TECH.—Oct.-Nov. 1957 


Cured sample at left, above, shows unottractive sulfur bloom. Somple at right, identical 
in all compounding respects but one described below, keeps bright, vibrant appearance. 


BLOOMING BLOCKED, BUTYL BOOMS 


Butyl combines desirable characteristics 
(resilience, weathering and aging resist- 
ance, low costs) found only individually 
in thermoplastics, conn rubber, and 
GR-S. And Hi-Sil® formulations save 
colored butyl articles from disfiguring 
bloom, up-grade eg roperties. 

Columbia-Southern’s HI-SIL rein- 
forcing pigment solved one problem 
several years ago: the production of 
non-black butyl boasting excellent 
— properties. Now new HI-SIL 
ormulations solve the remaining diffh- 
culty: elimination of sulfur bloom and 
its gray, dusty look. 

k combination of elemental sulfur 
and an organic sulfide is used. The 
sulfide provides, in non-blooming 
form, the additional sulfur required for 
thorough curing. This development, 
the result of original research in the 


Columbia-Southern Rubber Laborato- 


ries, is covered in our July 1954 Bul- 
letin on colored butyl comeeuetne 
HI-SIL—sulfur-organic sulfide 
recipes available from Columbia- 
Southern offer economical manufac- 
ture of durable, brightly colored butyl 
molded and extruded parts. This load- 
ing technique is also ee to 
black stocks. For more specific informa- 
tion, write Room 1929C in Pittsburgh, 
or contact any of the fourteen Colum- 
bia-Southern District Sales Offices. 


COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 
OWE GATEWAY CENTER: PITTSBURGH PENMSYLVAMIA 


DISTRICT OFFICES: Cincinnati ¢ Charlotte 
4 Chicago * Cleveland * Boston * New York 
St. Lovis © Minnecpolis « New Orleons 
Dolics Houston © 
Philadelphia © Son Francisco 
IN CANADA: Stondord Chemicol Limited 
ond its Commercial Chemicals Division 
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$T. 308 lead-free ZINC OXIDES are available in a complete series of 
grades for rubber compounds. Quality control from ore to oxide is one 
of St. Joe’s most important production tools. This, together with 
prompt deliveries, unequalled and unbiased customer service, 


accounts for their rapidly increasing use in the industry. 


FINE PARTICLE SIZE fost Cue 


MEDIUM PARTICLE SIZE fost Cure 
Green Label #42A3 
MEDIUM PARTICLE SIZE Slow Cure 


FINE PARTICLE SIZE Surfoce Treoted 


MEDIUM PARTICLE SIZE Surfoce Treated 
ox Black Label +20 
SPECIAL GRADES FOR LATEX [Aueennaraaaeamnmyl 


Black Label #20-21 Pellets 
PELLETIZED. GRADES Surfoce Treated Green Label 42-21 Pellets 


Complete data on all grades, and somples for testing sent on request 


S) . JOE Gunde 
I 
‘ 
| 
| 
= 
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ooucr 
SPECIAL eg Sy Para-Flux® 
Para Lube 


2016 Para-Flux® 
38 YEARS Para Resins ® 
Sponge Paste 
Rubber-Glo 
MODX 


of 
Chemical Service 
the 


Stabilite White® 


Rubber 


Silicone Emulsions 


G 


Antioxidants 
Activators 

Fillers 

Curing Agents 
Dusting Powders 
Accelerators 
Acids 

Alkalies 
Plasticizers 


Low Temperature 
Plasticizers 


Maglite® M, D&K 
Reinforcing Agents 
COLORS 
Reclaiming Oils 


We C.PHall GI) 


CHEMICAL MANUFACTURERS Oxides 
ESTERS 


Mold Lubricants 


*CHNnicar ano co™ 


AKRON, OHIO @ LOS ANGELES, CALIF. © CHICAGO, ILLINOIS @ NEWARK,N. J.@ MEMPHIS, TENN. 


Retardex 
CORAX 
Silicone Oil 
N 
4 4 
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~ NEW “GROUP SERVICE PLAN” 


BurFALO 
$ PROVIDENCE 


y 


This oreo serviced by 


available to 


Scott Tester’ 
owners 


Provides maintenance servicing 


at fixed low rate 


WASHINGTON 


LOUISVEAE 


Wee 
NASHY 


ete 


By pre-arrangement under the Group 
Plan, a Scott service man will call to in- 
spect, clean, calibrate and adjust your 
ScottiTester**, and also effect minor re- 
pairs, providing you with a work report 
and the Certificate of Calibration so often 
mandatory on government contracts. 


Low group rate results from including your plant with others. Regular 
trips are made in areas shown. Contact the Scott plant in your area 
for details. 


SPECIAL SERVICE NEEDS are handled on an individual basis to 
insure immediate service at any time. 


*Trademork 
**(Mooney Viscometers ond RMA Cushion Testers ore 
not serviced under Group Plon) 


SCOTT TESTERS, ING. 


| 
: / 
} 
3 
4 
RICHMO 
7 
(Southern), INC 
sparonburg 3-637) 
COLUMBIA 
ATLANTA 
j 
Testers — Standatd of the Wasld 
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RUBBER WORLD 


LEADERSHIP THROUGH SERVICE 


RUBBER WORLD has rendered outstanding 
service to its field for over sixty-five years— 
and does so today even more effectively than 
ever before. 


For the reader this means outstanding techni- 
cal data and articles edited by technically 
trained graduate chemists with actual rubber 
production experience. 


For the advertiser this means reaching the 
men responsible for the purchase of materials 
and equipment for the production of rubber 
articles—reaching them with the largest audi- 
ted coverage of the companies, the plants, and 
the people who compromise the total buying 
power in the rubber industry. 


RUBBER WORLD 
386 Fourth Avenue, New York 16, N. Y. 
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FOR SALE 


One (1) complete set of Rubber Chemistry & Technology in 
good condition. An exceptional buy for Industrial, Public 
or private library. 


For price and availability, write: 


GEORGE E. POPP, Treasurer, Division of Rubber Chemistry, A.C.S. 
318 Water Street, Akron 8, Ohio FRanklin 6-4126 


SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


VULCANIZED VEGETABLE OILS 
RUBBER SUBSTITUTES 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — Albertville (Ala.) 
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bright pid 


A new white and plastics. es 


synthetic rubber or 


For full details, write our 
Technical Service Dept. 


CLAYS, 


33 RECTOR STREET * NEW YORK 6,N.Y. 


ETEX 
WHIT 

for rubber. Hil 

pecially vinyls. 

| 

A Hil 

Mil 

| A proved Pigment | 

HH types of naty for compoundin A | 

| il. ral and synthetic 

| =—— 5 | 

compou® | 

= roduct for pber- | 

| 
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HUBER CARBON BLACKS 


Wyex EPC 
Easy Processing Channel Black 
Arrow MPC 
Medium Processing Channel Black 
Essex SRF 
Semi-Reinforcing Furnace Black 
Modulex HMF 
High Modulus Furnace Black 
Aromex HAF 


Arogen GPF 

General Purpose Furnace Black 
Aromex CF 

Conductive Furnace Black 
Aromex ISAF Intermediate 
Super Abrasion Furnace Black 
Arovel FEF 

Fast Extruding Furnace Black 


High Abrasion Furnace Black 
HUBER CLAYS 


Suprex Clay 
LGB 


High Reinforcement 


Very Low Grit, High Reinforcement 


Paragon 
LGP 
Hi-White R: 


Easy Processing 


‘Very Low Grit, Easy Processing 


White Color 


HUBER RUBBER CHEMICALS 
S, Natac, Butac. . . ‘ 
one eo 


Zeolex 23. 


Resin-Acid Softeners 
Accelerator Activator 


Reiaborcing White Pigment 


*TITANOX is a registered trademark for the full line of 
titanium pigments sold by Titanium Pigment Corporation. 
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i J. M. HUBER CORPORATION + 100 Pork Ave., New York 17, New York jill 
S ay 
titanium dioxide white pigments 
ITANIUM PIGMENT 
CORPORATION 
TITAN OX 
Mew York 6, N.Y. 
of Notional Leod Company the buyhlod name in pugments 
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VULCACURE’ 
VULCARITE? chemicals 
ALCOGUM stabilizer 
VULNOPOL 
VULCANOL’ 


Technical information and samples forwarded 
promptly upon request. 


ALCO OIL & CHEMICAL CORP. 


TRENTON AVE. AND WILLIAM ST., PHILADELPHIA 34, PA. + GARFIELD 5-0621 


FOR SALE 


One (1) complete set of Rubber Chemistry 
& Technology in good condition. An 


exceptional buy for Industrial, Public or 
private library. 


For price and availability write: 
George E. Popp, Treasurer 
Division of Rubber Chemistry, A.C.S. 
318 Water Street 

Akron 8, Ohio FRanklin 6-4126 


KE 
4 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


Alco Oil and Chemical Corporation 
American Cyanamid Company, Organic Chemicals Division... . 
American Zinc Sales Company 
Cabot, Godfrey L., Inc 
Carter Bell Manufacturing Company, The 
Columbia-Southern Chemical Corporation 
Columbian Carbon Company (Opposite Table of Contents) 
Du Pont, Elastomer Chemicals Department (Chemicals) 
Du Pont, Elastomer Chemicals Department (HYPALON)..... 
Enjay Company, Inc 
Goodrich, B. F., Chemical Company (Hycar Division) 
Goodrich Gulf Chemicals 
Goodyear, Chemical Division 
Hall, C. P. Company, The 
Harwick Standard Chemical Company 
Huber, J. M., Corporation 
Monsanto Chemical Company 
Naugatuck Chemical Division (U.S. Rubber Company) Chemicals 7 
Naugatuck Chemical Division (U.8. Rubber Company) Naugapol 13 
New Jersey Zinc Company, The. . . (Outside Back iene 
Pennsalt Chemicals Corporation, Industrial Division 
Phillips Chemical Company (Philblack) 
( Inside Front 1 
Phillips Chemical Company (Philprene). . 
Richardson, Sid, Carbon Company 
Rubber Age 
Rubber World 
St. Joseph Lead Company 
Scott Testers, Inc 
Shell Chemical Corporation, Synthetic Rubber Sales Division. . . 
Southern Clays, Inc 
Stamford Rubber Supply Company 
Sun Oil Company, Sun Petroleum Products (Opposite Title Page) 
Superior Zine Corporation 
Titanium Pigment Corporation 
United Carbon Company 
Vanderbilt, R. T. Company 
Witco Chemical Company 
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Essential Reading for Rubber Men— 


RUBBER: LATEX : 


Natural & Synthetic IN INDUSTRY : 
By ROYCE J. NOBLE, Ph.D. 
New text book on Production 2 


and Processing including Com- Second Edition of this well- 


pounding Ingredients, Machin- 
ery and Methods for the known Text Book on Latex. 


Manufacture of various Rubber 
Products. 


200 Illustrations—491 Pages 


$12.00* Postpaid $15.00* Postpaid in U.S. 
(Sold Only in U.S. and Canada) $16.00 All Other Countries 


912 Pages—25 Chapters 
Bibliography—Indexed 


RUBBER RUBBER AGE 
RED BOOK The Industry's Outstanding 


Technical Journal Covering the 
Directory of the Manufacture of Rubber and 


Rubber Industry Rubberlike Plastics Products. 


Contains Complete Lists of Rub- SUBSCRIPTION RATES 

ber Manufacturers and Suppliers 

of Materials and Equipment, U.S. Canada Other 

Services, etc. . $5.50 $6.00 

8.50 9.50 

Eleventh Issue —1957-58 11.50 13.00 
Edition 


Single copies (up to 3 months) 50¢ 
$12.50* Postpaid Single copies (over 3 months) 75¢ 


PALMERTON PUBLISHING CO., INC. 
101 West 3ist St., New York 1, N. Y. : 
(*) Add 3% Sales Tax for Copies to New York City Addresses | : 


3 
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For EXTRA-HIGH resistance 
to deterioration, make your 
products with 


HEAT-RESISTANT— H Y PALON shows un- 
usual resistance to hardening at elevated 
temperatures (250°-350°F.). Ask for Re- 
ports BL-262, BL-267 and BL-306. 


OZONE-RESISTANT— Exposure to ozone 
concentrations up to 150 ppm—a mil- 
lion times atmospheric concentrations 
—have shown that compounds of 
HYPALON are unaffected by ozone. 
Ask for Report BL-269. 


WEATHER-RESISTANT— Compounds of 
HYPALON, brightly colored or black, 
do not lose their physical properties or 
looks during long outdoor exposure. 


Ask for Reports BL-274 and BL-328. 


CHEMICAL-RESISTANT — Concentrated 
sulfuric acid and hypochlorite solutions 
have little or no effect on compounds of 
HYPALON. Their superior resistance 
to oxidizing agents is a distinct advan- 
tage over other rubber compositions. 
Ask for Report 57-10. 


In addition, HYPALON offers su- 
perior scuff and abrasion resistance, and 
oil and grease resistance. Properly com- 
pounded vulcanizates of HYPALON 
will not support combustion and will 
resist flex cracking and crack growth. 


Report 56-4 discusses compounding and processing of HYPALON 20 


Ask our District Offices for the reference reports if you don’t have them. 


E. I. pu Pont pe Nemours & Co. (Inc.), ELasromer CHEMICALS DEPARTMENT 


DISTRICT OFFICES: 


Akron 8, Ohio, 40 E. Buchtel Ave. 

Atlanta, Ga., 1261 Spring 

Boston 10, Mass., 140 Federal St. . 

Charlotte 2, N. C., 427 W. 4th St. 

Chicago 3, {ll., 7 South Dearborn St... 
Detroit 35, Mich., 13000 W. 7-Mile Rd. 
Houston 6, Texas, 2601-A West Grove Lane. . 
Los Angeles 58, Calif., 2930 E. 44th St. 
Trenton 8, N. J., 1750 N. Olden Ave. 


TRinity 5-5391 

HAncock 6-1711 

FRanklin 5-5561 

. ANdover 3-7000 

. UNiversity 4-1963 

. . MOhawk 7-7429 

LUdiow 2-6464 

. . EXport 3-7141 
in New York call WAlker 5-3290 


in Canada contact: Ow Pont Company of Canada (1956) Ltd, Box 660, Montrea! 


. . POrtage 2-8461 
QUPOND 
4 rat off 
BETTER THINGS FOR BETTER LIVING 
+++» THROUGH CHEMISTRY 


HARWICK STANDARD CHEMICAL Co. 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ANGELES — 


ALL 
RUBBER and 
precision , | 
| You can depend upon the Precision char- : 
Here is dependable assurance of uniformity /4@ummmm : 
in any type compounding material for 
rubber and plastics to give certainty in iA PLASTICIZE RS 
Our services are offered in co- 3 : 
application of any compounding MESINS 
material in our line to your JARA-COUMARONMINBEN; ‘ij 
we \ARON INDENES 
production problems, BYDRO-CARBON TERPENES 


rormutate FASTER! 


- ++ Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 


1. It is the only line having such a wide range of particle 
sizes, surface conditions and chemical compositions. 

2. Its conventional types cover the range of American 
and French Process oxides. _. 

3. Its exclusive types include the well-known Kadox 
and Protox brands. 


That means you need not waste time adapting a single 
Zinc Oxide to each specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs, 


FORMULATE BE TTER ! 


. +» Because you need to ise less when you 
choose from wide variety of Head Zinc Oxides. 
.-- Because the Horse Head brands can improve the 
rties of your compounds, 
ear after year, for nearly a century, more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Producers of Horse Head Pigments 
«+.» the most complete line of white pigments 
Titanium Dioxides and Zine Oxides 


160 Front Street, New York 38, N. Y. 


You can 
| formulate HORSE 
OXIDES 


